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SUGGESTIONS TO AUTHORS 


_Authors are urged to make their papers as brief as possible in order to reduce 
editorial work, limit the cost of printing, lighten the burden of the reader, and 
accelerate publication. Excessive brevity is more easily mended than is 


prolixity. It is important to remember that a reader is often influenced by 


literary style, and the author in his own interests should take pains to convey 
_ his meaning as simply and accurately as possible. The reader needs to know 
not only the results and conclusions of the research but also the degree of 
_ reliance that he can place on them; the author should both indicate his own 
_ Views on this point and give enough information about his procedures to enable 
_ the reader to form his own opinion. It is nearly always valuable to submit the 
- manuscript for criticism to persons not acquainted in detail with the work 


described in the paper. 
Care should be taken in the choice of words and their placing in the sentence, _ 
as well as in the sequence and linkage of sentences. Repeated use of the first 
person should be avoided. The term ‘we’ should not be used by a sole author. 
Sir Ernest Gowers’s Plain Words and ABC of Plain Words, H. W. Fowler’s 
Modern English Usage and Sir Arthur Quiller-Couch’s The Art of Writing 
(especially the chapter on ‘ jargon’) may be found helpful. Spellingsshould follow 
the Ozford Dictionary. Roman and italic words and contractions both English 
and foreign are to be found in Collins’s Authors’ and Printers’ Dictionary. 


ARRANGEMENT 


Papers in recent numbers of The Journal of Physiology should be studied both 
for the general manner of presentation and for detail. argc in special 
circumstances the paper should be subdivided into: 


(1) Introduction, (5) Summary, 
(2) Methods, (6) Acknowledgements, 
(3) Results, (7) References. 


(4) Discussion and inferences, 

(1) The introduction should make clear the object of the research. Reference 

to previous work is desirable only if it has a direct bearing on the subject of the 
paper; an extensive historical review is seldom necessary. 

(2) Methods need description once only. Sufficient detail should be given to 

allow the work to be repeated by others. 
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(3) As a rule the results are best given in words. Large numerical tables 
from which the reader himself is expected to draw conclusions should be 
avoided. One or a few graphs may simplify the reader’s task. Experiments 
which are essentially similar to the leading ones in nature and result should not 
be described in detail, though it is important to mention that they have been 
done. The precision to be attached to numerical values should be given when 
possible. Theory and deduction must be clearly distinguished from what has 


actually been observed, and, if possible, should not be elaborated in this 


section. 
(4) A discussion follows the statement of results and is kept separate from 


it. In this section clarity of expression is particularly important, and the 


assumptions made in reaching deductions from the experimental results must 
be stated, | 


(5) The summary should be arranged in short numbered paragraphs and 


should not be longer than one-twentieth of the text. It must not contain any- 

thing that is not included in the body of the paper. The summary may be used 

as it stands by contributors to abstracting journals. It should therefore contain 

a succinct account of the problem in hand, the method and materials, results 

andconclusions. | 

_ (6) Acknowledgements, which will be printed in small type, should be 

reduced to the minimum compatible with the requirements of courtesy. 

_ (7) The paper is completed by an alphabetical list of the papers and books 
which have been referred to in the text. Details of the form in which the 
references should be given will be found on pp. 6-8. | 


PREPARATION OF MANUSCRIPT 


Papers sent for publication must be typewritten, with double spacing and 
reasonable margins, on sheets of uniform size, e.g. all foolscap or all quarto. 
The top copy of the typescript should be sent for the printer. Papers should be 
carefully corrected and as nearly ready for press as possible before submission. 


Insertions should be few and legible. Papers and illustrations must whenever 


possible be packed flat. | 


Title. The title is to be typed on a separate sheet. The name of the author 


follows, together with any necessary description, e.g. Beit Memorial Research 


Fellow. When there are several authors their names will be printed in alpha- 


betical order. An authoress should give one Christian name to indicate her sex. 

The name of the laboratory and its address complete the title. If the proof is 

to be sent to a different address, this should also be typed on the title sheet. 
A short title also is needed for the index of the volume, It must not exceed 


four or five words and will be printed in capitals at the head of the right-hand 


pages in the Journal. Authors are asked to supply the short title. 
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SUGGESTIONS TO AUTHORS 3 


The Editors will not accept a series of papers with the same main title, e.g. 
‘Studies in..., Part I (II, III,...)’. Each paper must have its own title. 

Instructions to the printer. The section headed ‘Methods’ will normally be 
printed in small type. This section, and any other matter to be so treated, is 
to be marked by a vertical line in the left-hand margin. Words (usually 
headings) to be printed in talics are indicated by one underline. Two underlines 
indicate SMALL CAPITALS, three indicate LARGE CAPITALS. The authorshould 


mark the desired positions of tables and figures, and should do so by writing 
instructions enclosed within lines and brackets, e.g. 3 


(Table 3 near here) or (Fig. 4 near here) 


Headings in the text. Six grades of headings and subheadings may be used 
in The Journal of Physiology, but in general they are restricted to four. The 
possible grades are as follows: ? 3 


] PART I (Capitals) 
2 RESULTS (Small capitals) 
3. : The normal intestine (l.c. roman) 
4. | The actvon of drugs (Italics, centre) 
5. Histamine (Italics, full out) 
6. Peristalsis. This type of movement... (Italics, indent) 


The usual headings required are 2, 4 and 6. If further subdivision is needed 
within one of the main sections, No. 5 should be used as well. Recent numbers 
of the Journal should be consulted for further examples of the customary use 
of headings. Note that no full stops are required after headings except those 
in grade 6. 7 

Tables. Tables are expensive to print and should be as few as possible. They 
should be typed on separate numbered sheets and referred to in the text by 
arabic numerals, e.g. Table 3. The expression ‘the following table’ should be 
avoided. Each table should have its own self-explanatory heading, which is 
generally printed in roman type and should therefore not be underlined. The 
same data should not normally be presented in both tabular and graphical 
form. In preparing tables the list of standard abbreviations should be consulted. 
The dimensions of the data, e.g. g/100 ml., should be given at the top of each 
column, and not repeated.on each line of the table. Long descriptive headings 
to columns should be avoided. | 

IUustrations. Tlustrations are reproduced by photographic engravers and 
should therefore be separable from the text. Reference to them in the text 
should be given as follows: Pl. 3; Pl. 3, fig. 2; Fig. 3; Text-fig. 3. The last form 
is used only when the paper contains both figures in the text and plates. 

Illustrations from line drawings or tracings are often clearer and always less 
costly than half-tones from photographs. Line drawings in — - on 
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Bristol board are excellent for reproduction. They should be about twice as 
large as their intended final size, and should be presented separately on sheets 
not larger than foolscap size (21x32 cm). In the original, the lines must be 


thick enough to allow for reduction, as shown in Figs. 1-3. Lettering on 


ml./min) 
3 


Time after injection (min). 


Fig. 1. A specimen figure as it would appear in The Journal of Physiology. Figs. 2 and 3 show 
how the original should be drawn to produce this result. The lettering has been inserted by 
the 


Fig. 2. Part of Fig. 1 as it should be drawn by the author for reduction to one-half size. 
Lettering would be in pencil. 


drawings should be in pencil so that expert draughtsmen can insert suitable 
letters. The exact position of lettering should be indicated, and care must be 
taken that the symbols agree with those used in the text. Illustrations in proof 
stage cannot easily be altered. Graphs should be drawn on blue-lined or plain 


paper or Bristol board. Symbols which are to appear in the legend should be 
chosen from the following, which are available as type: 


x +e O 


printer. 
This figure also shows the customary manner of indicating the units and the scales of the 
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SUGGESTIONS TO AUTHORS : 5 


Kymograph records should include appropriate scales as far as possible. 
Large black areas which are not needed should be cutaway. Letters and numbers 
on kymograph records should be large enough to withstand photographic 
reduction. They are often, however, best left for the engraver to insert. 

Half-tone reproductions lose some of the contrast and definition of the original. 
Hence the original should be excellent in these respects or, if not, it should be 
strengthened by an intensifier or copied by means of process plates. If a record 
or photograph is retouched, this must be stated in the legen | 


Fig. 3. Part of Fig. 1 as it should be drawn by the author for reduction to one-third size. 
Lettering would be in pencil. 


Legends or captions should be typed separately from the illustrations. It is 
of assistance to the printer if they are each typed at the foot of a separate 
standard-sized sheet and appropriately numbered. Magnifications, especially 
in photomicrographs, should be indicated by a scale on the photograph itself, 


_ since @ magnification stated in the legend will become inappropriate if the 


photograph is reduced. 

Figures should be comprehensible without reference to the text. 

The original drawings should always be sent for making the blocks, but it is 
very helpful if authors also provide photographic copies of the figures with 
lettering added in ink and with duplicate legends attached, both for use by 
editors and referees and to indicate the position of lettering to be inserted by 
the Press. 

Quotations. In quotations use single quotes, i.e.‘ ’ and not“ ”. 

Footnotes. Footnotes are expensive and tiresome; they are best avoided. 

Proofs. Proofs are sent to authors in order that they may correct mistakes 
in printing and not that they may add new material. If they do add new 
material there is risk of delay in publication, and increased printing charges 
to the Society are inevitable. Excessive alteration may have to be disallowed 
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6 SUGGESTIONS TO AUTHORS 


or charged to the author. It is therefore importapt that the original i 
should be as free as possible from errors. If, however, alteration in the middle 


of a paragraph is unavoidable, the insertion should be arranged to fit neatly 
without upsetting neighbouring lines of unoffending type. Should some 
amplification or correction become necessary when the paper has already reached 
proof stage, it is often better to add a note at the end of the paper, headed 
‘Note added in proof’, rather than to make extensive insertions and alterations 
in the text. | 

When postal delays are likely to occur, authors residing in other countries 


may nominate someone in Great Britain who would be willing to correct the 


proofs. Papers from such contributors should be —— by a statement 
of the number of reprifits required. 


Authors are recommended to read R. W. Chapman’s essay ‘Author ani 


Printer’ in Collins’s Authors’ and Printers’ — For signs used in proof 
correction, see pp. 14-15. 


REFERENCES 


In the text, references to other writings are made by giving in brackets the name 
of the author and the year of publication, e.g. (Hill, 1938), except when the 
author’s name is part of the sentence, e.g. ‘ Hill (1938) showed that. ..’. When 
@ paper written by two authors is quoted, both names are given, the ampersand 
(&) being used in place of ‘and’, e.g. Fletcher & Hopkins (1907). If there are 
more than two authors all names should be given when-cited for the first time, 
and thereafter the first name only, adding ‘et al.’ When several papers are 
referred to in the same bracket, those by the same author should be separated 
by commas and those by different authors should be separated by semicolons, 
e.g. (Fletcher & Hopkins, 1907; Hill, 1938, 1949, 6). Unpublished material 
may be referred to in the text by giving the author’s name followed by ‘un- 
published’ or ‘personal communication’, and should not appear in the list of 
references. 


References should be brought together at the end of the paper in alphabetical 
order, each giving: 

Name(s), followed by initial(s), of author(s). 

Year of publication in brackets. When the publication of a volume is 
spread over more than one year, give, if possible, the publication year of 
the article in question. If several papers by the same author in one year 
are cited, a, b, c, etc. are placed after the year of publication. 

Full title of article. | 

Journal’s title, abbreviated in accordance with the list on pp. 16-24 
and underlined to indicate italics. 

Volume number in arabic numerals underlined with a wavy line to 
indicate heavy hae without prefix ‘vol.’ 
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SUGGESTIONS TO AUTHORS 7 


The numbers of the first and last pages in arabic numerals, without 
prefix * p’. Volume and page numbers should be replaced by the phrase 


in the Press’ in the case of a paper accepted for publication by a journal 
but not yet printed. 


Thus, references should appear in the typescript as shown in Fig. 4, and will 


_ be printed in the following form: 


ec Pa M. & Horxis, F. G. (1907). Lactic acid in amphibian muscle. J. Physiol. 35, 
ss A (098), The heat of shortening and the dynamic constants of muscle. Proc. Roy. Soc. 


A. V. (1949a). The absence of relaxa’ 
lengthening during tion in a completely unloaded 


REFERENCES 


‘Fletcher, W.M. & Hopkins, F.G. (1907). Lactic acid in 


amphibian mscle. J. Physio «35s 247-309. 


 +Hill,.A4.V. (1938), The heat of shortening and the dynamic 


constants of muscle, Proc. Roy. Soc. B, 126, 136-195. 
Hill, A.V. (1949a). The absence of lengthening during 


relaxation in a completely unloaded mscle, 


Je Physiol. 109» 8~9P. 
Hill, A.V. (1949b). The energetics of relexation in a 


mascle twitch. Proc. Roy. Soc. B, 136, 211-219. 


Fig. 4. Aspecimen list of references, correctly typed for submission to The Journal of Physiology. 
The same list is printed on this page as it would appear in the Journal. 

Titles of books, and the abbreviated names of periodicals, are underlined singly to indicate 
italics, Volume numbers are given a wavy under-line to indicate heavy type. Authors’ 
names will be printed in capitals and small capitals without special indication on the type- 
soript. 


When reference is made to a book, the title should be underlined ; the edition, 
volume number (vol.) and page (p. or pp.) should be given, followed by the 


town of origin and the publisher, thus: 
Srantine, E. H. (1915). Principles of Human Physiology, 2nd ed. p. 184. London: Churchill. 
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If the book is by more than one author, reference should be made to that 

part and that author concerned, thus: 
of cells and tissues. In R., Physi 
CraNeE, joelectric potentials, their maintenance and function. In Progress 
A. V. & Ranpatt, J. T. Butterworth-Springer. 

When particular parts, fascicles or numbers, with roman numerals or other 
system not here used, need a ordinary abbreviations should be used, 
thus: 
L. (1879). da Theil 1, p. 171. Leipzig: Vogel. 

On the rare occasions when itis necessary to refer to an author at second hand, 
the reference should appear in the following form: 


ee E. (1915 gry jesche Phinomen im zentralen Bezirke des Sehfeldes. v. Graefes 
Ovhthal Cited by 8. in Physiol. Rev. 1937, 17, 239-290. 


E., Jr. (1944). Evolution of germ layers. J. Tenn. Acad. Sci. 19,9 240- 
. Cited in Brit. Abstr. ATI, 1945, 


ne a reference to a publication which covers a specific period but which may 
be issued in a later year, the year of issue should follow the author’s name, and 
the year covered by the volume should be placed after the title of the journal: 


~ Coxz, L. B. (1927). The use of Lugol’s iodine in exophthalmic goitre. St Thom. Hosp. Rep. 1925, 
49, 255-266. 
Attention should be paid to the customary punctuation in the list of references. 


MATHEMATICAL NOTATION 


The rules laid down for mathematical notation and numerals in Proceedings of 
the Royal Society, A, 1909, 82, 14-17, should be followed. 


The symbols conventionally used to denote particular quantities are given 


in the Report of the Symbols Committee of the Royal Society, 1951. Some of 
the more commonly used symbols are listed on p. 13. | 

When letters of the Latin alphabet are used as symbols for physical quantities 
or variables, they are printed in italic type, e.g. g (acceleration due to gravity), 
V (potential difference). Roman type is used for letters denoting (1) names of 
units, e.g. g (gram), V (volt); (2) purely mathematical constants and operations, 
e.g. e (base of natural logarithms), d/dz (differential coefficient with respect 
to x); (3) chemical elements. 

A numeral should not, in general, be used to begin a sentence, but numerals 
may be used in the text as abbreviations for specific quantities. It is, however, 
permissible to use numerals at the beginning of a sentence when they refer to 
a number of units which are themselves expressed in an abbreviated form, e.g. 
‘10 ml.’, but ‘Twenty animals’; not ‘Ten ml.’, nor ‘20 animals’, Numbers 
above 100 are preferably given as numerals in all circumstances, but it is 
advisable not to begin a sentence in this way. 
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Fractions and ratios should be written 1/100, not +45. Such common fractions 
as $, $, etc. are, however, permissible. As far as possible, the decimal system 


_ should be used to indicate fractions. The decimal point must always be pre- 


ceded by a figure, 0 being prefixed if necessary, e.g. 0-1 must be written, never 
‘1. In a column of numbers containing decimal fractions the decimal points 


_ should always be arranged in the same vertical line. 


The solidus (/) is normally used in place of ‘per’ in expressing units, e.g. 
cm/sec, not cm per sec, for a velocity. Ambiguity may result if more than one 
solidus is used, as in V/cm/sec for a rate of change of voltage gradient; this can 
be interpreted as volts per (cm/sec) instead of (V/cm) per sec. It would be 
correct to write V/cm.sec, or negative indices may be employed, e.g. V.cm- 
| 

When a mean is given together with a measure of variation, it is essential to 
indicate what measure is intended. Thus 7-1 + 0-23 may be taken to imply either 
that 0-23 is the standard error of the estimated mean, or that it is the standard 
deviation of individual observations about the mean. 


CHEMICAL NOMENCLATURE 


In general, symbols, abbreviations and spellings should be those adopted by 
the Chemical Society, the Bureau of Abstracts and the Biochemical Society. 
The next two paragraphs are quoted from ‘Directions to Contributors’ pub- — 


lished in the Biochemical Journal. 


(1) Chemical formulae should be written as far as possible on a single hori- 
zontal line. With inorganic substances, formulae may be used, at the discretion 
of the editors, wherever their interpretation is clear. With salts, it must be — 
stated whether or not anhydrous material is used, e.g. anhyd. CuSQ,, or which 
of the different crystalline forms is indicated, e.g. CuSO,.5H,0, or CuSO,.H,0. 

(2) Solutions of common acids, bases and salts are preferably defined in 
terms of normality (N) or molarity (Mm), e.g. N-HCl; 0-1mM-NaH,PO,. The 
term ‘°{’ must be used in its correct sense, i.e. g/100 g of solution. 10% HCl 
means 10 g of hydrogen chloride in 100 g of aqueous solution, and should 
never be used to indicate a tenfold dilution of laboratory concentrated hydro- 
chloric acid. For ‘per cent by volume’, i.e. ml./100 ml., the term “% (v/v)’ — 
may be employed. To indicate that a given weight of substance is contained in 


~ 100 ml. of solution, the term ‘% (w/v)’ (weight per volume) may be used. 


(3) Such terms as acid sodium phosphate should be avoided. Salts of acids. 
containing more than one replaceable hydrogen atom should be described by 
naming the actual kations, e.g. sodium dihydrogen phosphate and disodium 
hydrogen phosphate. | 

(4) The termination ine, and not im, should be reserved for bases, e.g. 
adrenaline, choline, atropine, etc. The termination in is used for certain neutral 
substances, e.g. dextrin, pepsin, albumin, etc. 
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(5) Most of the amino-acids follow rule (4): e.g. leucine, glycine, thyroxine, 
etc. Tryptophan does not have a final ¢, since ane is the termination reserved 
for saturated hydrocarbons, e.g. methane. 

(6) All alcohols should have names ending in ol not ‘te or ime, e.g. glycerol 
(when used as a chemical term), mannitol, etc. Compounds which are not 
alcohols, but which are commonly given names ending in ol, should be spelt 
with a terminal e, e.g. indole, iminazole, pyrrole, etc. Alcohols should be given 
their specific names, e.g. methanol, ethanol, etc. 

(7) Fatty substances are lipids (adjective lipoid). 

(8) The atomic weight of radioactive and other isotopes is indicated by 
a superscript on the left of the symbol denoting the element, e.g. **P. | 

(9) Nomenclature of drugs. The names used for drugs should be the English 


(not Latin) titles of the current British Pharmacopoeia, or its Addenda. For — 


substances not mentioned in these books the names given in the British 
Pharmaceutical Codex should be used. For recently introduced drugs ‘ Approved 
Names’, lists of which are published from time to time by the General Medical 
Council, should be employed. Where only a proprietary name is available, the 
- manufacturer’s name and the actual chemical composition of the drug should 
be given in brackets nas the first mention of such name. 


BIOLOGICAL NOMENCLATURE 


‘When the true form of Latin names of animals or plants is used, it should begin 
with a capital letter. When used as an adjective, or in any other form, the word 
should begin with a lower-case letter, e.g. Protozoa, but protozoan; Mammalia, 
but mammals and mammalian. 

Generic and specific names should be underlined (i.e. in italics). The specific 
epithet or trivial name of an animal should begin with a lower-case letter. 

Names of muscles, bones, etc. should be in roman type (i.e. not italics). 
Adrenal is preferable to suprarenal. Care should be taken in the use of such 
words as dorsal, ventral, caudal, anterior and posterior. 

A noun such as ‘synapse’ should not be used as a verb. 

Ringer’s solution and tts variants. The composition of the particular solution 
used should always be given. Such terms as ‘normal saline’ and ‘saline’ 
should be avoided. 3 
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In using ab 


_Approxima 


Atmosphere (pressure) 
Atomic weight 


Britis Phas 
British Thermal Unit 
Calculated (in table 

Candella 


Central nervous system 
Cerebrospinal fluid 


Dextro- (optical rotation) 
xtro- (configuration) 


breviations, no difference is made between si 
40 min or 24 hr, except in cases noted below. § 
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SOME RECOMMENDED ABBREVIATIONS AND SYMBOLS, 
CHIEFLY FOR USE IN TABLES AND FIGURES 
ar and min and 
‘thout 
a full stop except for British units and cases w ambi 
abs. Dissociation constant, negati 
ACh logarithm of 
t, tri ° 
4 t iron 
dyn 
El 0.0.2. 
yd. Electroencep €.€.g. 
&.m. Electromotive force e.m.f, 
approx. Electroretinogram e.F.g. 
Equation eqn. 
Equivalent (weight) equiv 
ent expt. 
<< but Experiment 4 Expt. 4 
Farad F 
Feet per second Tie 
Foot, feet (except ft. 
kcal Foot-candle f.c. 
-point fp. 
on Giga- ( x 10°) G 
Cc x 
Grain gr. 
O.N.8. Gram 
c.s.f. Gram-calorie cal 
coeff. Gram-ion g-ion 
conc. Gram-molecule mole 
concn. Gravity, acceleration due to g 
Hb 
corr. Haemoglobin 
Height 
oryst. Henry H 
cu. High frequency h.f. 
(ml. Horse-power h.p. 
m ydrogen-ion concentration 
c Hydrogen-ion concentration, pH 
c.d, ve of 
o/s 
db Insoluble 
International unit 
fe -10n, e.g. sodium ion, sulphate ion Nat, 80, 
Joule J 
DOPA 
DFP Kilo- ( x 10°), e.g. kilogram k, e.g. kg 
dil. rie kcal 
D Kilovolt-ampere kVA 
d.c. Kilowatt-hour kWh 


Abs 
Ac 
Ade 4 
Ade a 
Ac 
Ans 
An 
4 
Can 
Cen 
Cen’ 
= Cen: 
1G 
Con 
Cor | 
). Cor 
h Co 
Co 
Cuk 
b 
n 
Cyc 
Dec 
Deg 
Deg 
Deg 
Dit 
Dio 4 
Dire 
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Laevo- (optical rotation) (-)- Per (e.g metres per second) /(e.g-m/sec) 
Laevo- (configuration) Per | 
Liquid liq. Pico. ( ( 107"), picofarad pF 
Litre 1, Plate (illustration 
Logarithm to base e In Poise 
Logarithm to base 10 logio Post-meridiem p-m. 
Logarithm, when not used as a log Potential difference — 
‘Pound (mass) 
Low Lf. Pound (force) Lb. 
Lumen Im Pounds per square inch Lb./sq.in. 
Lux lx Precipitate (noun) ppt. 
Maxim max. Rate of flow ranty) Ry | 
Mega- ({ x 10*) M Red blood corp R.B.C, 
Megohm Respiratory quotient 
Melting-point m.p. Revolutions per minute rev/min 
m- Réntgen unit r 
Metre m Root mean square r.m.8. 
Metre-candle m.¢, 
Micro- (x 10~*), e.g. microgram 6p, ©.g. pg Second (unit of time) sec 4 
(not y) Secon 8€C.- | 
Micromicron (10-"* m) pp Soluble sol, 
Milli ( milligram ifi | 
-(x Og. m, ©.g. 
but millimole m. Specific heat 
_ milliequivalent — m.equiv Square, e.g. inch sq. (e.g. 
Millimicron mp sq.in.) 
Millimolar (concentration) mM but centimetre cm? 
Minimum min. deviation (about mean) s8.pD. 7 
Minute min Standard error (of a mean) 8.E. | | 
Molal (concentration) m Standard temperature and pres- .t.p. 
Molar (concentration M sure 
Molar, with formula or M- Stilb sb 
name 
Molecular weight mol.wt. Temperature ~ temp. 
Tera- ( x 10") T 
Nano- ( x 10-*) n Tertiary tert.- | 
Normal (concentration) nN 
Normal, with chemical formula or wn- density v.d. 
name apour pressure v. 
Number Velocity 
but Number 4 No.4(Nos.) Volt V | 
| Volume vol. 
Observed (in table headings) Obs. 
Ohm Q Watt WwW 
Ortho- o- Weight wt. | 
Page, pages P+, pp. Yard 
Para- . Year | | 


Tat: 
«(Sg 
ay 
23 
5 
& 
vz 
‘ 
- 


sec) 
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‘SYMBOLS NORMALLY USED TO DENOTE PARTICULAR 
QUANTITIES 


These symbols are in 


accordance with the 
Commitee of the Royal (05D). Note that all lettre of the 


Conductivity 


Conductivity (electrochemistry) 
Current 


yy py RNA OE OF s 


RECOMMENDED SPELLINGS FOR 


A priori (italic 

type) 

Ferre 

blood- 


n situ, in vitro, etc. i Cc 


Judgement 


endations in the 


Intensity 
Ionic 
Length 


Mass 

Molecular we 
No. of molec 
Number of moles 


Osmotic pressure 
Period 


Potential; difference (electric 
potential ( ) 


Surface density of electric charge 


Temperature (empirical) 
— absolute 


Transmission factor (light) 
Transport number 
Valency 

Velocity 


Velocity, angular 
Velocity constant 


e 


COMMONLY USED WORDS, ETC. 


Life cycle 
Microchemical (but micro-organism) 


Neurone 


-ionized 
Vice type) 
Watch-glass 
Water-bath 
Water-level 


Watertight 


= q 
4 
Activity coefficient 
Admittance 4 
ber 4 
num 
Boltzmann’s constant 
Charge (electric) 
Charge of electron 4 
Chemical potential 
Conductance Radi 4 
Conductance, equivalent 
Density 3 
Diameter 
Diffusion coefficient 4 
Electromotive V 
Equilibrium constant E 
Faraday’s constant 
Force 
Frequency q 
Gas constant per mole q 
Gravitational acceleration 4 
Height Vol 
Wave 4 
Inductance Wave : 
Post-mortem (Roman type) a 
Re-examine 
Reflexion q 

Re-illuminate 
Résumé 4 

Co-ordinate Role ‘ 
Cotton-wool Sea water (but sea-water environment) 
Cover-slip Stopwatch | 
Debris Subculture 
Deflexion Subfamily 2 
End-point Subnormal 
Focused 4 
Fresh water (but fresh-water environment) : 
Hydrol q 
t 
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PROOF CORRECTION 


Se. Results 

Most of the experiments in the present 
3 invgstigation were carried out with the use of 
4. cocainef) and the results to be described 


? 
. below y ¥ieew were obtained with this drug unless 
4 | speciajmention is made. 


5 
6 
ita,/ Magnitude of action potential 
along the disial non-narcotised 
segment. When we take into consideration. . 
the finding of Woronzow that the size tom| 9. 
10. thefof) electric response suffers{decrement 
along the distal region 
depressed area, it is 
13. S@ / of all, to fecerterm whether the same 


would occur under ‘a Present experimental the k 14. 
conditions.5 
15. yee | For this purpose = leads were first fis. 


[propfgated 18. 


19. 


employed.. Recor 

disturbances were taken #e¢k before and 
20. Xj at varying intervals dur:nz narcosis and : 
21. NP / recovery.{j With ND leads diphasic re- 


cords were obtained in which the POTENTIAL lc. | 22. 


variations appearing in the nagcotised 

24, ‘~} and non, narcotised distalfregions are 

= simulténeously represented in the two 
phases of each response, the first phase 


being derived from the form er and the 5% | 27. 


28. second ftom-the latte) 


tis, /11. 
yond the “> / 
Aesting, first 12. 


2. 


Haplanation of marks 
letter. 


itute a comma for the semi-colon. 
correct form of a jumbled 


space. 
italics. 


ASMP 
bo 
3 
i 
g 


transposition; 10, of words within a line; 

11, of a word from one line to another; 12, of letters within a word. 

er, and a ition mar in 


[F roof] 
\ 
2 
Py. 
% 
5 
a 
x 
4 
‘ 
4 
4 
} 4 14. Insert a word. 
a4 
+, 
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PROOF CORRECTION 
[The same corrected] 


RESULTS 


- Most of the experiments in the present 


investigation were carried out with the use of 
cocaine, and the results to be described 
below were obtained with this drug unless 


‘special mention is made. 


Magnitude of action potential 


Conduction along the distal non-narcotised 


segment. When we take into consideration 
the finding of Woronzow that the size 
of the electric response suffers most decre- 
ment along the distal region beyond the 
depressed area, it is interesting, first of 
all, to see whether the same would occur 
under the present experimental conditions. 
For this purpose DD leads were first 
employed. Records of propagated dis- 
turbances were taken both before and 
at varying intervals during narcosis and 
recovery. 

With ND leads diphasic records were 
obtained in which the potential variations 
appearing in the narcotised and non- 
narcotised distal regions are simultaneously 


‘represented in the two phases of each 


response, the first phase being derived 
from the former and the second from the 


latter. 


15 


Explanation of marks (cont.) 


SEE 


. Print in capital letters. 

. Reduce the spaces in the line. 

. Substitute one letter for another. 


Let the word crossed out stand. 
Substitute good for battered type. 


Begin a new paragraph. 
Print in lower-case (small 


. Substitute a letter from the correct type fount. 


Insert a hyphen. : 
Delete cokes, but leave a space between the words, 
Align the correctly. | 
Close up and delete the space. 

Insert a full stop in place of the semi-colon. 


¥ 
4 
ay 
4 
tl 
£ 
a 
4 
¥ 
| 
} 4 
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A LIST OF PERIODICALS AND THEIR ABBREVIATIONS 


The abbreviations generally follow those of the World List of Scientific Periodicals 
(Btkerworh 1962), which should be consulted for titles not given here. Titles not in 
the World List should be given in full. 
PERIODICAL 
Abhandlungen der . Sachsischen Gesellechaft (Aka- Abh. sachs. Ges. (Akad.) Wise. 
demie) der Math.-Phys. K1. 

Abhandlungen zur exakten Biol Abh. exakt. Biol. 
Abhandl zur theoretischen Abh. theoret. Biol. 


Abstracts of communications, XVIII BP csietionad physio- Abstr. XVIII int. physiol. Congr. 


Fon. biologiae imentalis : Acta Biol. exp., Varsovie 
Acta biologica be Acta biol. belg. 
Acta brevia seeeatios de physiologia, pharmacologia, Acta brev. neerl. Physiol. 


microbiologia, etc. 


Acta chemica scandinavica Acta chem. scand. 
Acta endocrinologica. Bucarest Acta endocr., Bucarest 
Acta endocrinologica. Copenhagen Acta endocr., Copenhagen 
Acta endocrinologica (ucrainica). Kharkov Acta endocr., Kharkov 

_ Acta haematologica Acta haemat. 
Acta medica scandinavica Acta med. scand. 
Acta neurologica Acta neurol., Napoli 
Acta neurologica et paychiatrice belgica belgica : Acta neurol. belg. 
Acta obstetrica et gynecologica scandinavica Acta obstet. gynec. scand. 
Acta ophthalmologica Acta ophthal., Kbh. 
Acta oto-laryngologica Acta oto-laryng., Stockh. 
Acta oto-rhino-laryngologica belgica Acta oto-rhino-laryng. belg. 
Acta pathologica et microbiologica scandinavica Acta path. microbiol. scand. 

cta pharmacologica et toxicologica Acta pharm. tox., Kbh. 

Acta physiologica et neerlandica Acta physiol. pharm. neerl. 
Acta physiologica polonica Acta physiol. polon. 
Acta physiologica scandinavica Acta physiol. scand. 
Acta phytochimica. Tokyo cta phytochim., Tokyo 
Acta psychiatrica et neurologica Acta psychiat., Kbh. 
Acta psychologica Acta psychol., Hague 
Acta radiologica Acta radiol., Stockh. 
Acta Scholae Medicinalis Universitatis Imperialis in Kioto Acta Sch. med. Univ. Kioto 
Acta Societatis scientiarum Fennicae ' Acta Soc. Sei. fenn. 
Acta vitaminologiae Acta Vitamin., Wilno 
Acta vitaminologica. Milano Acta vitam., Milano 
Acta zoologica Acta zool., Stockh. 
Advancement of Science (British Association reports) Advance. Sci., Lond. a 
Advances in Biological and Medical Physics Advance. biol. med. Phys. 
Advances in Carbohydrate Chemistry 
Advances in Colloid Science 
Advances in Enzymology and Related Subjects 
Advances in Food 
Advances in Genetics 
Advances in Protein Chemistry 
Advances in Surgery 
Agricultural Research Council Reports 
American Chemical Journal 
American Heart Journal 
American Journal of Anatomy 


American Journal of Digestive Sera (and Nutrition) 
American Journal of Diseases of Children 

American Journal of Hygiene 

American Journal of Medicine 

American Journal of Obstetrics and Gynecology 
American Journal of Ophthalmology 

American Journal of Pathology 


a 
Sd 
og 
“il 
aa 
q 
4 
4 
> 
e 
a 
sg 
4 
pale 
* 
Amer dig. Dis 
mer. J. 
9 A J.H 
a mer. J. Hyg. 
: Amer. J. Obstet. Gynec. 
Amer, J. Ophthal. 
Amer. J. Path. 
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PERIODICAL 
American Journal of Pharmacy 
American Journal of Physiology 
American Journal of Psychiatry 
American Journal of Psychology 
American Journal of the Medical Sciences 
American Journal of Tropical Diseases and Preventive 
del de biologia 
Anales de ituto 
Anatomical Record 


Annales de chimie (et de physique) 
Annales de la nutrition et de l’alimentation 


Annals of Surgery 

Annals of the New York Academy of Sciences 
Annual Review of Biochemistry 

Annual Review of Medicine 

Annual Review of Microbiology 

Annual Review of Physiology 

Annual Review of Plant Physiology 

Annual Review of Psychology 
Arbeitsphysiologie 

Archiv der Pharmazie 


der Organismen 
Archiv fiir experimentelle Pathologie und Pharmakologie 
Archiv fiir experimentelle Zellforschung 


Archiv fiir Gynaekologie 
Archiv fiir Hygiene 
Archiv fiir Mikrobiologie 
Archiv Sse mikroskopische Anatomie (und Entwicklungs- 
mec ) 
Archiv fiir Ohren-, — und Kehlkopf) heilkunde 
Archiv d Physiologie 
v fiir patho he Anatomie un ysio. 
Archiv fiir V Verd logis 
Archives d’anatomie, d’ ‘histologie et d’embryologie 
Archives d’anatomie microscopique 
Archives de biologie 
Archives de médecine — et d’anatomie patho- 
logique 


PH. OXVI. 


Amn. Chim. (Phys.) 
Ann. Nutr., (Phe 


Ann. Physiol. Physicochim. _ 
Ann. Phys., 
Ann. 


Arch. EntwMech. Org. 
Arch. exp. Path. Pharmak. 
Arch. exp. Zellforsch. 

rch 


ABBREVIATION 
mer. J, hysiol. 
Amer, J. Peychiat. 
Amer. J. Psychol. a 
Amer. J. med. Sci. 
Amer. J. trop. Dis. 4 
An. Inst. Biol. Univ. Méx. 3 
| Anat. Rec. 3 
Anatomischer Anzeiger Anat. Anz. 4 
| Angewandte Chemie Angew. Chem. 3 
Animal Breeding Abstracts Anim. Breed. Abstr. 3 
Annalen der Chemie Liebigs Ann. 3 
yr. Annalen der Physik _ Ann. Phys., Lpz. q 
Annales de ek clinique Ann. Biol. clin. | 4 
Annales de la Société Royale des sciences médicales et | Ann. Soc. Sci. méd. nat. Bruz. 4 
naturelles de Bruxelles 
Annales de l'Institut Pasteur Ann. Inst. Pasteur i 
Annales de médecine Ann. Méd. . 
Annales rh physiologie : de ph himie biol | | 
ie et de physicochimie biologique 4 
Annales de 4 
| en Ann, Igiene (sper.) } 
Annals of Appice Biology Ann. appl. Biol. 2 
Annals of Biochemistry and Experimental Medicine(Indian Ann. Biochem. 4 
Institute for Medical Research) 4 
Annals Internal Medicine Ann. intern. Med. 
Annals of Ophthalmology Ann. Ophthal. 4 
Annals of Otology, Rhinology and Laryngology Ann. Otol., etc., St Louis q 
Annals of Science Ann. Sci. 4 
Ann. Surg. a 
Ann, N.Y. Acad. Sci. 4 
Annu. Rev. Biochem. 
Annu. Rev. Med. 4 
Annu. Rev. Microbiol. q 
Annu. Rev, Physiol. 
Annu. Rev. Pl. Physiol. q 
Annu. Rev. Psychol. iq 
Arbeitsphysiologie 
Arch. Pharm., Berl. 
Archiv fiir Anatomie und Physiologie Arch. Anat. Physiol., Lpz. : 
Archiv fiir Augenheilkunde Arch. Augenheilk. 3 
Archiv fiir die gesamte Physiologie Pfliig. Arch. ges. Physiol. ‘ 
Arch. Hyg., Berl. 
Arch, Mikrobiol. 
Arch. mikr. Anat. 4 
Arch. Ohr.-, Nas.- u. KellkHeilk. 4 
v. Graefes Arch. Ophthal. a 
Virchows Arch. 4 
Arch. VerdauKr. 
Arch. Anat., Strasbourg 
Arch. Anat. micr. a 
Arch. Biol., Paris - 4 
Arch. Méd. exp. 
2 é 
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PERIODICAL ABBREVIATION 
Archives de physiologie normale et pathologique Arch.P. . norm. path. 
Archives de physique biologique : Arch. P. 


Archives des sciences bio 


iques 


Archives des core physiologiques 


Archives d’ophtalmo 
Archives internatio 
thérapie) 


de pharmacodynamie (et de 


Archives internationales de physiologie 
Archives italiennes de biologie 
Archives néerlandaises de physiologie de l"homme et des 


Archives of Medicine 


Archives of Neurology and 
Archives N and 


Archivio 


Atti della R. Accademia Nazionale dei Lincei (Memorie) 


Atti della R. Accademia Nazionale dei Lincei (Rendiconti) 


Atti della R. Accademia delle scienze 
Atti della Societa lombarda di scienze mediche e biologiche 


Atti del R. Istituto veneto 


di scienze, lettere ed arti 


Australian Journal of Agricultural Research 
Australian Journal of Experimental Biology and Medical 


Science 
Australian Journal of 
Australian Journal of Scientific 
Australian Veterinary Journal 


zur chemischen 
eisters) 


Systeme 


funktioneller 
Physiologie und Pathologie 


Beitrage zur Geburtshilfe und Gyndkologie 


Bericht der Deutachen Chemischen G 


Bibliotek f for 
Journal 
emi Preparations 
Biochemical Society Symposia 


biol. 
Arch. Set. biol., St Péersb. 


. agric. Res. 
Aust. J. exp. Biol. med. Set. 
Aust. J. 


Aust. J. act. Res 
Aust. vet. J. 


nat. 
Beitr. chem. Physiol. Path. 


Beitr. Geburtsh. 
Beitr. path. — 


4 Arch. Paris 

Arch. int. Pharmacodyn. 

q Arch. int. Physiol. 
4 Arch. ital. Biol, 

4 Arch. néerl. Physiol. 

7 animaux 

7 Arch. Biochem. 
Arch. Dia. Childh. 

Arch. intern. Med. 
q Arch. Neurol. Psychiat., Chicago 
Arch. Neurol. Lond. 
Path. (Lab, Med 

4 Archives of Pathology (and Laboratory Medicine) 

q Archives of Arch. Paychol., N.Y. 
Archives of Chloago Arch. Surg., Chicago 

4 Archives of Surgery. London Arch. Surg., Lond. 

; Archivio di farmacologia sperimentale e scienze affini Arch. Farmacol. sper. 
4 Archivio di fisiologia Arch. Fisiol. 

Mem. Accad. Linces 
R.C. Accad, Linces 
Atti Accad. Torino 

3 Atti Soc, lombarda Sci. med. biol. 
7 Atti Ist. veneto 

3 (Ho: 

4 Ber. dtsch. chem. Ges. 
3 Ber. ges. Physiol. 

q Berichte tiber die wissenschaftliche Biologie Ber. wiss. Biol. 

Berl. klin. Wachr. 

4 Bibl. Leger 

Biochem. Soc. Symp. 

| Biochem. Z. 

q Biochimica . 

7 Biochimica et biophysica acta Biochim. biophys. acta 

q Biologia generalis (Archives internationales de biologie Biol. gen. 

3 générale) 

Biological Abstracts 

‘ Biological Bulletin of the Marine Biological Laboratory, -» Wood's Hole 

4 Wood’s Hole 

4 Biol. Rev. 

; iological Symposia Biol, Symp. 

3 Biologisches Zentralblatt Biol. Zh. 

" Biologiske Meddelelser. K. Danske Videnskabernes Séiskab Biol. Medd., Kbh. 

a Biometrika. Cambridge Biometrika 
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: PERIODICAL ABBREVIATION 
Blood. The Journal of noe, Blood 
> Bolleteino delle Societh italiane biologia sperimentale Boll. Soc. ital. Biol. sper. 
British Abstracts AIII—Physiology, Biochemistry, Ana- Brit. Abstr. AIII 
tomy 
British Chemical and Physiological Abstracts Brit. chem. iol. Abstr. 
British Dental Journal Brit. dent. J. 
British Heart Journal | Brit. Heart J. 
British Journal of Cancer Brit. J. Cancer 
British Journal of Children’s Diseases Brit. J. Child. Dis. 
British Journal of Experimental Bi Brit. J. exp. Biol. 
| British Journal of E imental Pa Brit. J. exp. Path, 
British Journal of Industrial Medicine Brit. J. industr. Med. 
British Journal of Brit. J. Nutr. 
Briti Brit. J. 
British Journal of Plastic Surgery Brit, J. plast. Surg. 
British Journal of Psychology Brit. J. Psychol. 
British Journal of Surgery Brit. J. Surg. 
| British Medical Bulletin Brit. med. Bull; 
|| British Medical Journal Brit. med. J. 
British Science News (British Council) Brit. Sci. News 
British Veterinary Journal Brit. vet. J. 
Bulletin biologique de la France et de la Belgique Bull. biol. 
Bulletin. Council for Scientific and Industrial Research Bull, Coun. sci. industr. Res. Aust. 
be Bis biologie et de médecine experimentale de Bull. Biol. Méd. exp. U.R.S.S. 
iol, Bulletin de l’Academie de médecine de Belgique Bull. Acad. Méd. Belg. 
Bulletin de l’Académie de médecine Bull. Acad. Méd., Paris 
Bulletin de l’Académie nationale de médecine Bull. Acad. nat. Méd. 
Bulletin de la Société chimique de Paris Bull. Soc. chim. Paris 
Bulletin de la Société de chimie biologi Bull. Soc. Chim. biol., Paris 
Balletin de le Société scientifique et Station biologique Bull. Soc. sci. Arcachon 
| Bull. Soc. méd. Hép. Paris 
e Paris 
| Bulletin of Mathematical Biophysics Bull. math. 
Bulletin of the Neurological tute of New York Bull. neurol. Inst. N.Y 
| Bulletin of War Medicine Bull. War Med. 
| Bulletin. Société chimique de France Bull. Soc. chim. Fr. 
| Bureau of Standards Journal of Research Bur. Stand. J. Res., Wash. 
! Canadian Medical Association Journal Canad. med. Ass. J 
Cancer Research Cancer Res. 
Chemical Abstracts | Chem. Abstr. 
Chemische Zeitschrift Ind. (Rev. 
istry and Industry ( . . 
OF Chin, J. Physiol. 
Chinese Journal of Physiology. Report Series Chin. J. Physiol. Rep. Ser. 
| mosoma Chromosoma 
Circulation Circulation 
| Clinical Science Clin. Sct. 


Cold Spring Harbor on Quantitative Cold Spr. Harb. 
de des sciences de 1’U.R.S.S.  C.R. Acad. Sci. U.R.SS. 
Comptes rendus des travaux du Laboratoire de Carlsberg C.R. Lab. Carl ; 

Comptes rendus hebdomadaires des séances de l’Académie des C.R. Acad. Sci., Paris 


Sciences 
|} Comptes randus hebdomadaires des séances et mémoires dela C.R. Soc. Biol., Paris 
Soc 


2—2 


iété de biologi 

oy (Publications of the Carnegie Contr. Embryol. Carneg. Instn 
itutio 

| Curr. Sei. 

Dental Record Dent. Ree. 

Deutsche medizinische Wochenschrift Dtsch. med. Wachr. 


£ 
> 
a 
of 
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Fiziologicheskii Zhurnal (Moscow) 
Folia haematologica 
Food Research 


Handbuch der biologischen i 
Handbuch der vergleichenden Physiologie 
Lectures 


Heart | 

Helvetica chimica acta 

Helvetica physiologica et pharmacologica acta 

Hereditas, Lund 

LS ere of genetics 
oppe-Seyler’s Zeitschrift fiir physiologische Chemie 

Oss, Hollande 

Hormoner. Stockholm 

Hormones. London 

Hungarica acta physiologica 

Index medicus. Washington 

Indian Journal of Medical Research 

Irish Journal of Medical Science 


Japanese Jo of Medical Sciences 
2. Biochemistry 
Part 3. Biophysics 
Ja of Ph iology 
Johns Hopkins Hospital Bulletin 
Johns Hopkins Hospital Reports 


J und experimentelle Pharmakologie 


Journal de chimie physique (et Revue des colloides), 
électrochimie, thermochimie, i ie, mécani 


stoechiométrie 

ournal de l’anatomie et de la physiologie 
Journal de pharmacie et de ot a 

Journal de physiologie (et de pathologie générale) 


ABBREVIATION 


Dtsch. Machr. Zahnheilk. 
Dtsch. Z. Nervenheilk. 
Docum. ophthal. 


Electroenceph. clin. Neurophysiol. 
Endocrinology 
Endokrinologie 


Ergebn. EntwGesch. 


Ergebn. Eneymforech. 


Ergebn. P. . 
Ergebn. Hormonforsch. 


Handb, Blochem., Berlin 
Handb. biochem. ArbMeth. 


Hoop. Bull. 
Johns Hopk. Hosp. Rep. 
J. Chim. phys. 


Deutsche Monateschrift fir Zahnheilkunde 
q Deutsche Zeitschrift fir Nervenheilkunde 

Documenta ophthalmologica 

q Electroencephalography and Clinical Neurophysiology 

4 Endokrinologie 

dee Anatomie und Entwicklungsgeschichte 

q Ergebnisse der Vitamin- u. Hormonforschung 
4 Excerpta Medica. Amsterdam 

tia xperventia 

q Experimental Cell Research Exp. Cell Res. 

q Experimental Medicine and Surgery Exp. Med. Surg. 

Federation Proceedings Fed. Proc. 
Vermentforach Fermentforechung 
3 Fiziol. Zhur. 

Folia haemat., Lpz. 

Food Res. 

q Gastroenterologia, Basel Gastroenterologia, Basel 
J Gastroenterology Gastroenterology 

: Genetics Genetics 

Growth Growth 

4 Guy’s Hospital Reports Guy's Hosp. Rep. 

Haematologica 

Handbuch der Biochemie 

4 Handbuch der biochemischen Arbeitsmethoden 

Handb, biol. Arb Meth. 
q Handb. vergl. Physiol. 

4 Heart 

4 Helv. chim. acta 

q Helv. physiol. acta 

q Hereditas, Lund 

Heredity 

Hoppe-Seyl. Z. 

4 Hormone 

Hormoner 

Hormones 

a Hung. acta physiol. 

3 Index medicus 

4 Indian J. med. Res. 

{ Irish J. med. Sci. 

a Jber. Physiol. exp. Pharm. 
3 Jap. J. med. Sci. 

Biochem. 

. 

J. Anat., Paris 

J. Pharm. Chim., Paris 
q J. Physiol. Path. gén. 
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PERIODICAL 


Journal de psychologie normale et que 


Journal fiir Psychologie und Neurologie 
Journal of Agricultural Research. Washi 
Journal of Agricultural Science. Cambridge 
of (and Physiology 
0 tom i 
Journal of Animal 
Journal of Applied Physiology 
Journal of Aviation Medicine 
Journal of Bacteriology 
Journal 
Journal of Biologi emistry 
Journal of Biophysics 
Journal of Cancer. London 
Journal of Cancer Research. Baltimore 
Journal of Cellular and Comparative Physiology 
Journal of Clinical Endocrinology 
Journal of Clinical Investigation — 
Journal of Clinical Pathology 
Journal of Clinical Research 
Journal of Colloid Science 
Journal of Comparative and Physiological 
Journal of Comparative Neurology(and Psy ) 
Journal of Dairy Research 
Journal of Dairy Science 
Journal of Dental Research 
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THE SWEATING REACTIONS OF THE FOREHEAD 
By IAN A. MoGREGOR 
From the Department of Anatomy, of 
(Received 18 May 1961) 


In the course of an investigation into sweating in grafted skin (McGregor, 1950), 


it was noticed that the sweating reactions of the face and forehead differed from 


the accepted description based on the work of Kuno (1934). The present 


investigation was therefore carried out to clarify the situation and get accurate 
information concerning the reaction of the forehead and face to thermal and 
emotional stimuli as used by Kuno. 

To enable a reaction of the forehead to be recognized as thermal or emotional, 


it was necessary to make simultaneous observations on skin areas generally 


recognized to react to one or other stimulus, The typical emotional or thermal 
sweating response was first of all determined in terms of the present techniques, 
by tests carried out on skin areas accepted as emotional and thermal regions, 
and the reaction of the forehead assessed on the basis of these known patterns. 
These patterns of response will be — before considering the reactions 
of the forehead. 

METHODS 


hospital patients and students. Thermal sweating was induced by immersing subjects to the knees 
in hot water (47-48° C.). 

For the emotional response, which is less easy to evoke, eleven students were tested just before 
an ‘oral’ for a degree examination. In this series, at the same point, two-thirds of the way through 
the experiment, each student was told that he had, in point of fact, passed the examination without 
requiring a viva voce. It was considered that in one way or the other this would produce an 
emotional crisis. Both accepted emotional areas and thermal areas, as well as the forehead, were 
tested. Thus, readings were taken simultaneously from the skin of the palmar aspect of the right 
and left index fingers as emotional areas, and from the flexor aspect of the right forearm as a ther- 
mal area, in addition to the forehead. The experiments were made at room temperature (17—20° C.). 

None of the subjects used in studying the thermal response were included in the group tested 
for emotional sweating. More recently, however, six hospital patients have been tested for both 
types of response where the emotional stimulus was a painful surgical dressing. 

The adaptation of Minor’s (1928) starch-iodine method, described by Randall (19465), has the 


double advantage of being one of the most sensitive methods available and also suitable for — 


quantitative studies (McGregor, 1950). It has been used in the present experiments. 


The solution of 3% iodine in surgical spirit was applied to the test skin area, using a blank — 
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SWEATING REACTIONS OF FOREHEAD coe 
rubber stamp 1 om. square, and allowed to dry. A piece of starch-impregnated paper was then 
pressed against the painted area for 15 sec. The process was repeated with a fresh piece of paper 
5 sec. later, and thereafter for as many readings as were required. Each reading indicates activity 
of the sweat glands over the 15 seo. of actual contact plus the preceding 5 sec., i.e. 20 sec. in all. 
Stretching of the skin during readings was avoided. A starch-iodine reaction develops locally where 
a sweat gland is active over part or all of the 20 sec. period, and the pattern of functioning glands 


is obtained as & print on the paper (Fig. 1). A fairly absorbent paper was used to localize the 
stain as far as possible. 

Though Randall makes little reference to the problem of exhaustion of the iodine, it has been 
found by experiment that with maximal sweating rapid exhaustion occurs and repainting is 
necessary after each 16th reading. A batch of sixteen readings thus formed a unit and as many 
units were made in sequence as the particular experiment required. 

The spots were counted under a low-power binocular microscope with an automatically regis- 
tering counter, and graphs were constructed showing numbers of glands active over successive 
periods of 20 sec, 3 

This method indicates primarily the numbers of functioning glands, though the size of the spot 
and the intensity of the stain also give a rough indication of the relative quantity of sweat produced 
by each gland. In this investigation only the numbers of functioning glands have been considered. 


RESULTS 


: Physiological response patterns i 
There are three normal patterns of sweating—thermal, emotional and basal 

Thermal sweating (Fig. 2). No sweating occurs until the thermal threshold 
has been reached. There is a variable latent period between the commencement 
of the stimulus and the onset of sweating. The intensity of the thermal stimulus 
will naturally determine the speed with which the body temperature is raised 
to the thermal threshold and hence the length of the latent period. In the 
present experiments the usual period was in the region of 5 min. When 
sweating begins it is readily detected over the entire thermal area, i.e. the 
whole skin area except palms of hands and soles of feet. The time taken to 
develop the maximum sweating respbdnse is related to the strength of the 
thermal stimulus. 

A graph of the number of glands functioning in unit time in a given area 
rises steadily to a maximum and then becomes horizontal while the stimulus 
continues. When the stimulus stops, the curve of activity, after a variable 
latent period, drops slowly back to the abscissa. 

The general pattern of the. curve as described is, however, interrupted 
throughout by a cyclic irregularity producing a series of peaks and troughs. 
Randall (1946a) has described a regular cyclic pattern in thermal sweating 
with a frequency of 2-4 min. While cycles were found in the present investiga- 
tion, these were not.regular and had a shorter duration than those of Randall. 

The gradual increase in numbers of glands responding to the thermal 
stimulus appears to be typical of thermal sweating. Rapid variations in the 
number of active sweat glands have not been found to occur. 
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sweating the 
| Emotional ing (Big. 3). Compared with thermal sweating, 
| emotional response is quite distinctive. Though the present technique cannot 
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Palmar Hypothenar Forehead 


of hand Upper lip Dorsum of 


Chest Malar Flexor 


Fig. 1 - Sweat prints from various skin regions. In the palm and sole the duct orifices open on 
ra the apices of the epidermal papillary ridges and consequently the pattern of distribution 
follows the fingerprint pattern of the individual. Elsewhere, there is a random scatter of 
glands throughout the skin and there is no marked pattern difference from one area to another. @ 


measure a latent period of less than 20 sec., it is clear that, in contradistinction 
to the relatively long delay in the appearance of the thermal response, the 
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emotional response follows rapidly on the application of the stimulus. The 
response consists of a rapid increase in the number of active glands to a maxi- 
mum. On cessation of the stimulus there is an equally abrupt decrease. 


38 100 Flexor aspect of forearm A 
Subjects 
tec 
E 0 123 4 $ 6 7 8 9 00 41 12 43 14 15 16 17 18 


Minutes 


Fig. 2. Thermal sweating response. Site, flexor aspect of forearm. Thermal stimulus by immersion 
of subject to knees in hot water (47-48° C.) begun 4 min. before commencement of graph. 
Stimulus stopped at A. The graph shows the typical gradual rise to a peak of activity, sus- 
tained while the stimulus persists and for a short time after it ceases. Thereafter there is 
a gradual diminution of sweating. i 
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Fig. 3. Palmar sweating response. Sites, palmar aspects of right and left index fingers. Both 
basal secretory activity and emotional response are shown. The rapid build-up of the transient 
emotional response at A induced by a painful stimulus is superimposed on the basal secretory 
activity. The parallel course of the graphs both of basal secretion and emotional response is 


When corresponding areas were simultaneously tested, e.g. palmar aspect of 
right and left index fingers, the two sides frequently varied considerably in 
their quantitative response, but the response commenced at the same time over 
the whole emotional area and ran a parallel course in all parts. Minor changes 
in temperature have no perceptible effect on the response. 

Basal secretory activity (Fig. 3). This consists of the constant secretion of 
sweat at normal temperatures which occurs on the palms of hands and soles 
of feet. The graph of basal secretion indicates irregular cyclic activity. Although 
there are quantitative variations in the sweating activity of different regions 
and of corresponding regions on different sides, the graphs run parallel courses. 
The amount of basal secretion varies considerably in different individuals 
under similar experimental conditions: 
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The sudden burst of increased activity resulting from emotional stimulation — 


replaces the pattern of basal activity which reappears on subsidence of the 
emotional reaction. 


These features of the several patterns of sweating largely confirm the findings _ 


of Kuno and allow the ready recognition of a particular type of reaction. The 


present technique is extremely sensitive, considerably more so than that 


described by Kuno, and is capable of detecting a minimal response. 
Sweating patterns of the forehead 


The forehead was found to sweat in response to both emotional and thermal — 


stimuli. 

Emotional sweating. In nine of the eleven subjects during the initial period 
of the experiment there was no emotional sweating despite the prospect of an 
oral examination. 

The information that the subject had passed his examination was followed 
in all cases by a burst of activity which lasted for a variable period, in eight 
subjects till the end of the experiment 4 min. later. The degree of response 
varied considerably. In subject 11, only two glands in the square cm. were 


active, and that only during one reading, while on the other hand, subject 1 __ 


showed a reaction involving over 90% of the gland population of his forehead 


at its maximum. The other subjects showed maxima fairly evenly distributed 


between these extremes (Fig. 4). 

The response appeared in the reading which followed the stimulus. Its 
appearance was followed in subjects 1-10 by a rapid increase to a maximum 
in the numbers of functioning glands. The form of the graph varied thereafter; 
generally, however, the peak was not sustained. The mental reaction following 
the stimulus doubtless varied considerably in each subject, and as this would 


certainly influence the subsequent form of the graph some variation was to be 


During the initial period of dryness of the forehead in the early part of the 
experiments, sweating of the palm of the hand occurred in all cases without 
any positive feature to distinguish it from basal activity. It varied quantita- 
tively from subject to subject. Simultaneous with the outburst of forehead 
activity there was a short burst of increased palmar sweating typical of 
a palmar emotional response. The speed and degree of the fall to the previous 
level varied considerably in different subjects. 

There was no relation between the response and environmental temperature, 
the apparent nervousness of the subject, or the level of his palmar basal 


secretory activity. No sweating was found to occur in the control thermal area 
on the forearm. 


_ In two subjects (2 and 3), a short burst of sweating cain during the — 


initial two-thirds of the experiment. It was noted that, coinciding with this 
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Fig. 4. Simultaneous graphs from forehead, right and left index fingers in subjects 2, 4 and 10, 
showing emotional response. Conditions of experiment as described in text. At A each 
subject was informed that he had passed the examination without requiring a viva voce. 
No sweating occurred in the control thermal area. 
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sweating, the subjects mentioned the examination prospects and the impending ; 
oral examination and it is considered that this ‘anticipation’ may well have — 
provoked the response. Both subjects subsequently gave a very well-marked 


sweating reaction, and though neither appeared particularly nervous their 


- threshold of emotional sweating may have been lower than that of the other — 


subj ects. 
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Numbers of functioning glands 


Fig. 5. Simultaneous graphs from forehead and right index finger showing thermal response of the 
forehead. The finger shows no response to the thermal stimulus. Thermal stimulus by immer- — 
sion of subject to knees in hot water (47-48°C.) began 3} min. before commencement of — 


graph. Stimulus stopped at A. 


Since these investigations were made, the sweating reactions of patients — 
awaiting dental treatment have been observed. In such circumstances, antici- 


pation may, in some individuals, cause greater emotional tension than 
examinations—according to temperament. The spatial pattern of facial sweat- 
ing was found to vary considerably. Visible sweating occurred particularly 


on the brow, the remainder of the face—upper lip, nose and cheeks—being 


involved in varying degree, and sometimes not at all. 


The upper lip frequently sweated as freely as the brow but the latter usually — 


gave a more marked response. 


There was very considerable individual variation in the magnitude of the - 


reaction. | 
Thermal sweating. The results were largely as expected. In all subjects the 


brow gave a typical thermal response while the control readings on the palm 
showed no reaction to the thermal stimulus (Fig. 5). | 


Of the six subjects investigated for both types of response all showed | 


a typical thermal reaction while the emotional response of the forehead, though 


noted. 
DISCUSSION 


elicited in all subjects, showed the individual variation of magnitude previously 


When Kuno classified sweating into emotional and thermal according to 
stimulus, he stated that emotional sweating occurred on the sole of foot, palm — 


of hand and axilla, and that the thermal reaction developed over the whole 


body surface except palm of hand and sole of foot. Later workers have accepted © 
this classification but experience has shown that marked emotional sweating 
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can in addition occur on the face. Although Kuno states that ‘the forehead is 
known to be a part of the skin where profuse sweating sometimes occurs in 
emotion’, in the experiments which he subsequently describes he did not in 
fact detect any sweating from the forehead. 

It seems clear from the present experiments, however, that the forehead 
must be regarded as an area of skin which responds in typical fashion to an 
emotional stimulus as well as to a thermal one—a double response previously 
limited by Kuno to axillary skin. The forehead, indeed, is merely the most 
conspicuous example of an area of the face, variable in extent, which is 
sensitive to both thermal and emotional stimuli. Kuno’s failure to detect such 
sweating must be attributed to the lack of sensitivity of his methods and the 
subliminal emotional stimuli which he used. 

An unexpected feature of the results was the absence of sweating in the 
students expecting an examination and its appearance with a sudden alteration 
in their emotional state when they were informed of their success. It may well 
be that an emotional response tends to occur in bursts and is not usually 
sustained over a prolonged period. This would explain the sudden burst of 
sweating in subjects 2 and 3 associated with talk of the examination (a momen- 
tary increase in the stimulus). The parallel findings from the palms of the hands 
(Fig. 4) would tend to confirm this suggestion. 

Why these areas on the face should react specifically to such a stimulus is. 
by no means clear. The pathway of the sudomotor sympathetic fibres to the 
face has not been worked out in detail, but the work of Wilson (1936) and 
Guttman (1940) suggests that the final pathway is via the branches of the 
trigeminal nerve. Their finding, in the case of the supra-orbital branch of this 
nerve, that the sudomotor fibres join the nerve extra-cranially to be distributed 
with it is likely to be applicable to the other branches of the nerve and would 
bring the course of the fibres into conformity with the general. pattern of 
distribution of sudomotor fibres. It seems unlikely therefore that the course 
of the fibres can play any significant part in the reaction of the forehead. 

Though Wilson was primarily concerned with the sweating reaction, his 
finding after section of the supra-orbital nerve that the anaesthetic area 
remained pale and dry in response to heating, while the innervated areas 
showed flushing and sweating suggests that both vasomotor and sudomotor 
fibres share a common final pathway in the branches of the trigeminal nerve. 
Vasomotor changes are a common emotional manifestation and are most 
obvious on the face, and although the two reactions are not necessarily related, 
the common location may - significant. 


SUMMARY 


1. Randall’s method of recording sweating has been adapted to the study 
of thermal and emotional sweating. 
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2. Patterns of thermal and emotional sweating responses have been deter- 
mined in terms of this technique. 

3. It has been shown that the forehead sweats in response to emotional as 
well as to thermal stimuli. | 
4, It is suggested that the forehead is merely the most conspicuous segment 
of a wider area of the face, variable in extent in different imvitaale, which 


responds to emotional stimuli. 


I wish to thank Prof. G. M. Wyburn for permission to carry out experiments on the students 
and for advice on presenting the results. The expenses were met by a grant from the Medical 
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\ | 
It has been shown by many authors that electrical stimulation of the caudal 
end of the cut cervical vagus nerve causes bronchoconstriction (Longet, 1842; 
Roy & Brown, 1885; Einthoven, 1892; Dixon & Brodie, 1903). In intact 


animals, section of the vagus nerves or the injection of atropine causes broncho- 


dilatation, suggesting that the bronchial musculature is tonically innervated 
(Roy & Brown, 1885; Chauveau, 1889; Daly & Mount, 1951). This finding, 
however, is not supported by the work of Hinthoven (1892) or of Dixon & 
Brodie (1903). 

We have recently shown (Daly & Schweitzer, 1951a, b) that bronchomotor 
reflexes can be elicited by stimulation of receptors in the vasosensory areas of 
the carotid sinus and arch of the aorta: stimulation of the baroreceptors 
causes reflex bronchoconstriction which is mediated through the vagus nerves, 
and chemoreceptor stimulation produces bronchodilatation. Our present in- 
vestigation has therefore been made to determine whether or not normal 
bronchomotor tone is maintained reflexly from these vasosensory areas. It 
has been shown by numerous workers that cardiac vagal tone is essentially 
maintained reflexly from the baroreceptors (Hering, 1927; Koch & Mies, 1927; 
Heymans & Bouckaert, 1931; Koch, 1931). 

We have studied the bronchomotor effects produced by lowering the pressure 
in the carotid sinuses and arch of the aorta by subjecting the animal to acute 
severe haemorrhage, followed by transfusion of the same blood. Some of our 


results have already been reported (Daly & Schweitzer, 1951c). 


METHODS 


Dogs, varying in weight from 45 to 15 kg., were anaesthetized with chloralose (0-10-0-11 g/kg. 
body weight, intravenously). 

Alterations of intrasinusal and aortic pressures were brought about by bleeding in one stage from 
a cannula in the femoral artery; the rate of bleeding was adjusted to the size and condition of the 
animal, so that a final blood pressure of 30-45 mm. Hg was obtained within 1-1} min. Transfusion 
of the blood from a burette surrounded by water maintained at 38° C., was begun most Te tely 


ater- 
“dy 
as 
4 
nent 
4 
x 
2 


36 M. DE BURGH DALY AND A. SCHWEITZER 


at a rate of 20-35 ml./min. through a cannula in the femoral vein. In some preparations, this 
procedure was repeated six times without any appreciable permanent fall in the normal blood 
pressure. All animals were given heparin (Roche Products, Ltd.) (7-5 mg./kg.) a8 an anticoagulant. 
‘As the normal tonic innervation of the bronchial musculature was under investigation, no broncho- 
constrictor drugs were used to increase it artificially. 

Bronchomotor responses were measured by recording, with » small bell spirometer, the tidal air 
volume of the animal under negative pressure ventilation with the chest opened in the mid-sternal 
line. The tracheal cannula was connected to a closed as nie 
circuit respiratory system in which the air was He 
circulated by a motor-driven fan through two soda- 
lime towers to absorb the carbon dioxide of the expired 
air. Oxygen was admitted to the system from a 
weighted 5 1. spirometer, and the flow was controlled 
by an adjustable needle valve. The preliminary surgical 
procedures were carried out under positive pressure 
ventilation by means of a Starling ‘Ideal’ pump. Both 
phrenic nerves were cut so as to minimize the mechani- 
cal effects of diaphragmatic movements on the lungs. 

_In some experiments, the chemoreceptors of the 
carotid bodies were inactivated by the injection of 
0:3 ml. of 0-5 n-acetic acid through a cannula in each 
artery (Gernandt, 1946) B). arteries 

aortic chemoreceptors were inactiva y the in- | . 

passed into the left ventricle via the left common se ‘ 
carotid artery (Comroe, 1939). The position of the 
catheter was verified at post-mortem examination. The 
inactivation of the carotid and aortic chemoreceptors : : 
was tested in each experiment by the absence of any C, 
bronchomotor, blood pressure or respiratory effects 

(chest movements) in response to intracarotid and intraventricular injection of 0-25 mg. sodium 


Intraventricular 
ca 


taining the blood supply to the left 
carotid sinus region when using the in- 
traventricular catheter (Comroe, 1939). 


‘The use of Comroe’s method for the intraventricular injection of drugs necessitates ligation of 
the left common carotid artery, so that the blood supply to the left carotid sinus region is greatly 
reduced. It is therefore probable that the intrasinusal pressure and the chemical composition of 
the blood in the carotid body would not be comparable with those of the opposite side (von Euler & 
Liljestrand, 1943). In order to maintain, as far as possible, identical conditions in both sinus regions 
in these experiments, the distal part of the left common carotid was anastomosed with the right 
common carotid artery below the level of the superior thyroid arteries by means of a 4-way cannula 
(Fig. 1). Agents reaching the medullary centres were injected through one arm of the cannula 
(Fig. 1) after ligation of the external carotid and lingual arteries on both sides. The intrasinusal 
pressure was recorded with a mercury manometer from a cannula in the right external carotid 

Intravenous injections of drugs were made through a cannula in the femoral vein, Systemic 
with a mercury manometer. Changes in heart 
rate were measured by the method described by Daly & Schweitzer i 
timer (Gaddum & Kwiatkowski, 1938). 
Crossed circulation experiments. Experiments have also been made in which the isolated carotid 
_ sinuses of the animal under test were perfused by a second dog using, with slight modifications, a 

method described by Heymans (19292). Both carotid sinuses of dog B (the recipient) were isolated 


from the general circulation by ligating all branches of the common carotid artery and were perfused _ 


by dog A (the donor) (Fig. 2). Blood entered the sinuses through cannulae in the comm 
| on carotid 
arteries and left through cannulae in the external carotid arteries. Both common carotid arteries of 
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dog A were ligated, and two cannulae were inserted into each—one proximal to the ligature 
pointing caudally, and the other distal to the ligature pointing rostrally. Connexions with polythene 
tubing were now made so that blood from the common carotid arteries of dog A perfused the sinuses 
of dog B and returned into the distal part of the common carotid arteries of dog A. The advantage 
of returning the blood to the carotid arteries of the donor rather than to the external jugular veins 
(cf. Heymans, 1929a) is that the intrasinusal pressure in dog B is the same as the arterial blood 
pressure of dog A. The difficulties were thus avoided of controlling the pressure in perfused carotid 
sinuses of the recipient after the production, in the donor, of a vast arterio-venous shunt with low 
peripheral resistance. Changes of intrasinusal pressure were brought about by bleeding dog A. 


Starling ‘Weal’ pump “To closed system 


ss To BP. 


manometer 


Negative pressure 
ventilation 


Fig. 2, Diagram illustrating the technique of perfusing the isolated carotid sinuses of dog B (the 
recipient) by dog A (the donor) using arterial anastomoses (modification of Heymans, 1929a), 
For details, see text. 


In order to eliminate bronchomotor reflexes arising from baroreceptors in the region of the arch 
of the aorta, the systemic blood pressure of dog B was maintained constant by employing a com- 
pensator. The method used was similar to that described by Roberts (1921), except that the con- 
stant head of pressure was obtained by applying air pressure to the reservoir bottle from a pump; 
the pressure was controlled by an adjustable air-leak by-pass. The reservoir bottle was connected 
to @ cannula inserted into the right external iliac artery. 
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“Ideal” pump with the cheet opened in the midsternal line, 2 
thatthe conditions under which it was bled were similar to those occurring in animals under negative 

ventilation. Both phrenic nerves in dog A were cut. Heparin (7-6 mg./kg. body weight) 
was used as the anticoagulant, 


Fig. 3. Dog, 3, 10 kg. Chloralose. Negative pressure ventilation. During continuous signal 
tidal air volume occurred on bleeding which diminished again on transfusion of the 
PPro pee trend of the tidal air tracing is due to the diminished oxygen consumption 
: this and in subsequent figures; T.4.=tidal air volume (inspiration down- 

wards; E.P.P. extrapulmonary pressure; =systemic blood pressure; H.R. =heart rate. 

Graphic rep tation. The O, inflow to the closed circuit respiratory system 

= limiting lines of the tidal air tracing were maintained When: 
oxygen consumption of the animal decreased there was an upward trend of the limiting lines 
which reached a plateau on transfusion of the blood (Fig. 3). From such a tracing it was difficult 
to appreciate fully any changes of volume which might be taking place as a result of bronchomotor 
tech In a therefore, the tidal air volume has been plotted graphically as a 
change of its initial value. 
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RESULTS 

The response of the tidal air volume to acute severe haemorrhage 
It was found that on bleeding from the femoral artery at such a rate as to cause 
the blood pressure to fall to 30-45 mm. Hg in 1-1} min., an increase of the 


tidal air volume took place. On transfusion of the blood, the tidal air gradually 
diminished to about its initial volume. In 21 of 23 experiments in which this 


Ze 

1 2 3 4 5 6 7 8 

Time (min.) 


Fig. 4. Dog, 3, 7-5 kg. Chloralose. @——@, haemorrhage J, 200 ml.; O——O, haemorrhage 2, 
175 ml.; W——-Y, haemorrhage 3, 175 ml. Between haemorrhages 2 and 3, atropine, 2 mg., 
injected intravenously. Atropine caused 10% increase of tidal air volume. Note the consider- 
able diminution of the tidal air response and the residual effect after atropine. At the bottom 
of each graph, @——@ =period of haemorrhage; @ @ =period of transfusion. 


phenomenon was observed, the increase of tidal air volume in the initial 
haemorrhages varied from 2:5 to 28%. In 18 of these 21 preparations; the 
increase was greater than 5%. In one of the remaining experiments, the response 
was predominantly of opposite sign and in the other no effect was observed. 


- During haemorrhage, an increase of the heart rate was usually observed 


(Fig. 3). 
The increase of the tidal air usually occurred immediately on bleeding and 
reached a maximum when the blood pressure fell to its lowest level (Figs. 3 
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volume despite the fact that the blood pressure had returned to its previous 

level. The cause of this is uncertain, but lungs under constant negative pressure 
ventilation sometimes tend to show a progressive diminution of tidal air volume. 
Occasionally, when the blood was transfused too rapidly, the blood pressure 
- rose above its normal level and was accompanied by bradycardia and broncho- 
constriction. This is in all probability due to a reflex from the baroreceptors of _ 
the carotid sinus and arch of the aorta (Daly & Schweitzer, 19514, 5). 

In two experiments, the rate of bleeding in the individual haemorrhages was 
varied, and it was found that the slower the fall of blood pressure the more 
gradual the increase of the tidal air volume. As with the faster falls of blood 
pressure, the maximal increase in tidal air approximately coincided with the 
lowest level of the blood pressure (Fig. 4). : 


Effect of atropine 

These preliminary experiments established that an increase of tidal air 
results from a fall of systemic blood pressure. If, as we suspected, the effect 
was largely due to a diminution of bronchomotor tone, the administration of 
atropine would serve two purposes: it would provide a measure of the level of 
bronchoconstriction existing at the time of the experiment and would show 
whether the observed increase in tidal air was due to any factors other 
than a reduction in the tonic discharge of cholinergic fibres of the vagal 
system. 

To test the effect of atropine, an animal was bled and transfused successively 
2 or 3 times until consistent results were secured. Atropine was then admini- 
stered and the response to bleeding again observed. We found in the majority 
of animals that atropine caused a bronchodilatation, indicating the existence 
before the administration of the drug of varying degrees of bronchoconstrictor 
tone. In these animals, atropine reduced, but did not entirely abolish, the tidal 
air response to subsequent haemorrhage (Figs. 4, 5, 6, 9 and 10). | 

In the remaining animals, the tidal air response to haemorrhage was small 
throughout, atropine did not cause bronchodilatation and did not alter the 
tidal air response to haemorrhage. It is apparent, therefore, that the increase 
of tidal air volume in response to haemorrhage is due to two factors: first, 
a component which is abolished by atropine, and second, a component repre- 
senting up to 5°5% increase of tidal air which is atropine-insensitive. This 
latter response will be termed the ‘residual effect’. 

Evidence has been obtained that the atropine-sensitive component of the 
tidal air response to haemorrhage is due to alteration in the tone of the bronchial 
musculature. This component is only present when bronchomotor tone is 
demonstrable by atropine. It is also abolished by section of the cervical vago- 


sympathetic nerves. Subsequent injection of atropine then produces no 
bronchomotor effect (Fig. 6). ee 
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18 It was evident from these preliminary experiments that the residual effect 
re was probably due to some factor other than bronchomotor, and that its contri- 
e. bution might differ from one experiment to another. There was therefore the 
re | possibility that, in experiments where haemorrhage produced a small increase 
0- of tidal air volume, the response might be entirely due to the residual effect 
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she 1 Dog, 2, 8 kg. Chloralose. @——@, haemorrhage 1, 150 ml.; O——O, haemorrhage 2, 
BSE 125 ml. During haemorrhage 1, intracarotid injection of atropine, 4 mg., at arrow + which 
st, caused a permanent bronchodilatation. Haemorrhage 2 shows the residual effect. 
re- and notto a true bronchodilatation of nervous origin. In all subsequent experi- 
his ments, therefore, atropine was given as a routine and the extent of the residual 
effect was determined. In only two experiments did its value exceed 5-5%. 
the Some of the experiments with atropine suggested that there was a direct 
jal ) relationship between the degree of bronchodilatation produced by haemorrhage 
‘alle t and the degree of bronchodilatation produced by atropine. An attempt was 
go- [ therefore made to discover whether the bronchodilatation on haemorrhage was 
no maximal. In two experiments, the animals were bled as usual and then 
atropine was injected at a time when there was no further increase of the tidal 
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air volume. Fig. 5 is taken from one of these experiments. It shows that the 
injection of atropine during the first haemorrhage caused no further increase of 
tidal air volume. On the contrary, it caused it to diminish by 5% and it 
remained at 8%, despite the return of the blood pressure to normal, indicating 
that a permanent bronchodilatation had resulted. It is of interest to note that 


the diminution of the tidal air volume immediately following the injection of | 


atropine is equal to the residual effect produced by subsequent haemorrhage. 
‘The cause of this diminution is probably the same as that of the residual effect, 
and itis not due to an alteration of bronchial tone. A similar effect was observed 
in the second experiment. We interpret these results as indicating that in acute 
haemorrhage during which the blood pressure falls to 30-45 mm. Hg, the 
bronchomotor tone is completely abolished. | 

Further experiments have shown that the bronchodilator response occurs in 
bilaterally adrenalectomized preparations. There was no appreciable difference 
in the magnitude of the responses produced in these preparations (five experi- 
ments), a8 compared with those in which the adrenal glands were intact. 
Reflex secretion of adrenaline does not appear, therefore, to play any signi- 
ficant part in the production of these responses. 

The residual effect. We are, at present, unable to explain the cause of the 
residual effect. It is present in atropinized preparations in which the cervical 


_ vagosympathetic nerves and/or the sympathetic nerves innervating the lungs — 


have been sectioned, and in animals which have been bilaterally adrenalecto- 
mized. It is, therefore, not due to a nervous effect or to the secretion of 
adrenaline. | 

An alteration of the carbon dioxide tension of the alveolar air has been 
shown to affect the bronchial musculature directly, a rise in carbon dioxide 


tension causing bronchodilatation (Léhr, 1924; Nisell, 1950; Duke, 1951). — 


Experiments were therefore made in which blood samples were taken from the 
femoral artery before and immediately after bleeding, and after transfusion of the 
blood. Their oxygen and carbon dioxide contents were analysed manometrically 
(Peters & Van Slyke, 1932). The carbon dioxide content diminished by about 
2 ml./100 ml. immediately after bleeding and then returned to its former level 
on retransfusion of the blood. This suggests that during acute severe haemor- 
rhage, under constant artificial negative pressure ventilation, there would be 
a fall of alveolar carbon dioxide tension. A fall of alveolar carbon dioxide 


tension would cause bronchoconstriction. This would not appear, therefore, to 


account for the residual increase of tidal air volume observed by us. 

Another possibility, and one which we favour, is that it is due to a diminution 
of lung blood volume, either in consequence of a reduced pulmonary inflow 
and/or a fall of left auricular pressure. This might have the effect of diminishing 
the elasticity of the lungs or resistance to inflation (von Basch, 1889; Drinker, 
Peabody & Blumgart, 1922; Biilbring & Whitteridge, 1945). i 
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he | Liffect of sectioning the efferent nerves to the lungs upon the 
of bronchodilator response to acute haemorrhage 
és ¥ _ The bronchodilator response to haemorrhage occurs in adrenalectomized 
“4 preparations and is abolished by atropine, which strongly suggests a nervous 
of : origin for the effect. Further analysis confirms this view. The results of a typical 
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vel | Fig. 6. Dog, 3, 12 kg. Chloralose. @——@, haemorrhage 1, 460 ml.; O——O, haemorrhage 2, 
10r- ( 320 ml.; #——4, haemorrhage 3, 280 ml.; W——Y, haemorrhage 4, 275 ml. Between 
‘be 7 haemorrhages J and 2, section of rami communicantes, 7',-7,, vertebral nerve and of 
: sympathetic chain below 7’, on both sides; between 2 and 3, section of both cervical vago- 
ude sympathetic nerves; between 3 and 4, atropine, 5 mg., intravenously. Atropine caused no 
, to change in the tidal air volume. The bronchodilator response is unaffected by sympathetic 
3 denervation of the lungs but abolished by section of the cervical vagosympathetic nerves. 
lon experiment are shown in Fig. 6. Haemorrhage 1 caused an increase of the tidal 
low 4, ait volume (13%). After section, on both sides, of the rami communicantes, 
ung T,-T,, vertebral nerve and the sympathetic chain between 7, and 7,, haemor- 
ker, thage 2 produced a similar response. Section of the cervical vagosympathetic 
nerves, however, caused a reduction of the response of the tidal air to haemor- 
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rhage 3 from 13-5 to 8% which was identical with the residual effect (haemor- 
rhage 4) observed after atropine, indicating that the bronchodilator response 
had been abolished. The atropine itself, given between haemorrhages 3 and 4, 
showed that no bronchomotor tone then existed. These experiments indicate that 
the bronchodilatation in response to haemorrhage is brought about mainly by a 
decrease of vagal tone; transfusion of the blood then causes the tone to return. 

The residual effect (8-5 %) is incidentally the largest we have seen.’ As during 
haemorrhage 4 the preparation was atropinized and its lungs denervated, the 
possibility of this residual effect being of nervous origin is ruled out. 

It appeared to us that there were two possible sites from which these nervous 
effects producing bronchodilator responses to haemorrhage could arise. Lowering 


the blood pressure to 30-45 mm. Hg might cause anaemia of the medullary — 


centres thereby producing their effects on the bronchial musculature. Alterna- 
tively, the effects might be reflex in nature, probably arising from receptors in 
the carotid sinus and arch of the aorta. Experiments were therefore performed 
with a view to testing each of these hypotheses. 


The effect of central anaemia on the bronchial musculature 

It has already been mentioned that in one experiment the response to 
haemorrhage was predominantly bronchoconstrictor. This experiment is 
depicted in Fig. 7. It shows that in the initial stage of the haemorrhage, there 
was a slight increase of the tidal air volume. This was followed by a considerable 
decrease indicating bronchoconstriction, with concomitant’ bradycardia when 
the blood pressure reached 30 mm. Hg. The effects were not observed: on 
bleeding after the injection of atropine whith itself caused an increase of 9° 
in tidal air volume. The mechanism of the bronchomotor effect observed in this 


experiment is clearly different from that responsible in all the others. It is | 


suggested that the bronchoconstriction and bradycardia are due to an increased 
vagal discharge, probably by stimulation of the vagal centre in the medulla by 
anaemia (Heymans & Ladon, 1925). This contention is supported by subsequent 
experiments. 

‘The effect of occlusion of the common carotid and vertebral arteries. Attempts 
were made to produce the effects of central anaemia by temporally occluding 
the brachiocephalic artery, the left vertebral artery having been previously 
ligatured. Under these conditions, either no effect was observed or broncho- 
constriction and bradycardia resulted. The absence of an effect was probably 
due to the fact that the blood supply to the brain can be adequately maintained 
by the spinal arteries (Nowak & Samaan, 1935; Evans & Samaan, 1936) and 
Was usually noted in preparations in particularly good condition. The broncho- 
_ Constriction is not due to the rise of blood pressure causing a reflex from the 
aortic baroreceptors, as it is present even when there is no change in the initial 
blood pressure level. 
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usly Dog 10-5 ky. Chloralose. @——-@, haemorrhage 1, 170 ml.; O——O, haemorrhage 
cho- 2,120 ml. Between haemorrhages I and 2, atropine, 5 mg., injected intravenously. Note the 
ably considerable bronchoconstriction with concomitant bradycardia in response to haemorrhage / 
ined which is by atropine. | 
and Isolated head experiments. ‘Using the technique described 
cho- ; Heymans & Ladon (1926) of perfusing the isolated head connected with its 
the trunk only by the vagosympathetic nerves, Houssay & Cruciani (1929) found 
itial that central anaemia caused bronchoconstriction in the trunk of the recipient. 
We have confirmed this finding using a similar technique, except that the bron- 
| | 
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chomotor responses were measured by recording the tidal air of the animal 
under constant negative pressure ventilation instead of by Jackson’s method / 
(1917) used by them. On reducing the blood pressure in the perfused head by 
bleeding the donor dog, bradycardia with concomitant bronchoconstriction 
resulted. Both these effects occurred after section of the carotid sinus nerves, 
but were abolished by atropine given to the trunk of the recipient. | 

. It should be noted that in these experiments no bronchomotor tone was | 
present as indicated by the absence of any effect on the tidal air volume onthe 
injection of atropine. We believe that the absence of any tone was mainly due 
to the poor condition of the trunk of the animal. In these spinal animals the 
blood pressure was only 50 mm. Hg. It would appear, therefore, that this type 
of preparation does not lend itself to the investigation of bronchomotor — 
phenomena, especially where bronchodilator responses may be expected. It is | 
possible, therefore, that in the absence of tone, the true effects of central | 
anaemia may be missed if there is more than’ one component to the effect. a 

Injection of blood of varying composition towards the medullary centres. Blood 
equilibrated with various gas mixtures was injected into both common carotid | 
arteries at C (Fig. 1), after ligation of both external carotid arteries so that most 
of the injected blood was directed towards the centres. The intrasinusal pressure 
was recorded with a mercury manometer from a cannula inserted into one 
external carotid artery pointing towards the heart. 

Fig. 8 is taken from one such experiment. Blood taken from the animal was 
equilibrated in a tonometer with a mixture of 95% N, and 5% CO,. 8 ml. of 
this blood containing 4-4 ml. 0,/100 ml. blood (29% saturated) and 41-4 ml. 
CO,/100 ml. was injected at b and caused considerable bronchoconstriction. } 
Control injections of 0-9% w/v NaCl at a and of the animal’s own arterial 
blood containing 13-4 ml. 0,/100 ml. (88-5% saturated) and 35-0 ml. CO,/100 
ml. at c produced no bronchomotor effect. In this experiment, the carotid 
_ chemoreceptors had been inactivated, and the injections did not significantly | 
alter the intrasinusal pressure, so that the possibility of the bronchoconstric- 
tion being due to a reflex from the sinus regions is excluded. It is to be noted 
that in this experiment the injection of blood containing a low oxygen content 
caused no alteration of heart rate. In three other experiments, however, the | 
bronchoconstriction was accompanied by a bradycardia and a fall of blood | 

These results are in agreement with those of other workers and indicate that 
cerebral anaemia stimulates the vagus centre causing bradycardia (Heymans & 
Ladon, 1925; Heymans, 19296) and bronchoconstriction (Houssay & Cruciani, { 
1929). Other control experiments have shown that the slight diminution ofthe | 
carbon dioxide content of the blood which occurs after bleeding isnot responsible | { 
for bringing about the bronchodilatation by a central mechanism. It is con- 
cluded, therefore, that the bronchodilatation which occurs in response to 
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I Fig. 8. Dog, 9, 6-5 kg. Chloralose. Left common carotid anastomosed to right common carotid 

artery. Both superior thyroid and both external carotid arteries ligated. Chemoreceptors of 
lood «361 both carotid bodies inactivated. Intracarotid injections of 5 ml. of 0-9% w/v NaCl in a; 
8 ml. blood containing 4-4 ml. 0,/100 ml. (29% saturated) and 41-4 ml. CO,/100 ml. at 6; 
and 6 ml. animal's arterial blood containing 13-4 ml. 0,/100 ml. (88-5% saturated) and 
that 36-0 ml. 004/100 ml. at ¢. Note the bronchoconstriction in response to intracarotid injeotion 
ns & of blood with a low oxygen content. 


i haemorrhage is not of central origin. As bronchomotor reflexes arising from 

the vasosensory areas of the carotid sinus and arch of the aorta have been 
con- described (Daly & Schweitzer, 1951a, 6), the possibility of the response being 
e to a reflex from these regions was next considered. 
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The effect of occlusion of the common carotid arteries 

Since lowering the intrasinusal pressure to 30-45 mm. Hg by haemorrhage 
causes bronchodilatation, it might be expected that occlusion of both common 
carotid arteries would have a similar effect. In five experiments, however, we 
were unable to show any such effect. At first, it was thought that the rise 
of blood pressure on occlusion of the carotid arteries might cause a reflex 
bronchoconstriction by stimulation of the aortic baroreceptors, thereby masking 
any reflex bronchodilator effect from the lowered intrasinusal pressure. Similar 
experiments were therefore performed, but the blood pressure was maintained 
constant by using a compensator. Even under these conditions, no effect could 
be elicited. 


reflex mechanism, Subsequent experiments have shown that the intra- 
sinusal pressure does not in fact fall more than about 40 mm. Hg when the 
common carotid arteries are occluded, and the final pressure may be well above 
that of the baroreceptor threshold. This is due mainly to the back-flow from 
the circle of Willis via the internal and external carotid arteries (von Euler & 
Liljestrand, 1936; Chungcharoen, Daly & Schweitzer, 1951). It might appear, 
therefore, that the decrease of baroreceptor impulses upon occluding the carotid 
arteries is not sufficient to activate bronchomotor reflexes. Some support is given 
to this by the experiment depicted in Figs. 11 and 12, Although lowering the 
intrasinusal pressure to 40 mm. Hg by haemorrhage caused reflex broncho- 
dilatation, occlusion of the two inflow tubes to the sinuses of dog B produced 
no effect. The intrasinusal pressure under the latter condition was not measured, 
but the effects of back-flow from the circle of Willis of dog A were almost 
_ certain to maintain an effective intrasinusal pressure in dog B. The fact that 
carotid sinus reflexes affecting the bronchial musculature are less sensitive 
than those affecting the cardiovascular system cannot, of course, be denied. 


The effect of inactivating the chemoreceptors wpon the 
bronchodilator response to haemorrhage 

We have already shown that the bronchodilatation in response to lowering 
the systemic blood pressure is due mainly to a decrease of vagal tone. There 
are two mechanisms by which these responses might be brought about reflexly 
from the carotid sinus and arch of the aorta. Lowering the intrasinusal and 
intra-aortic pressures causes a diminution of baroreceptor discharge (Bronk & 
Stella, 1932) and hence a decrease of vagal tone. Alternatively, the response 
might be brought about by an increase of chemoreceptor activity, for recent 
_ work has shown that if the blood pressure is lowered by successive haemor- 
rhages, there is an increased activity of the carotid and aortic chemoreceptors 
(Coleridge, Kenney & Neil, 1949; Kenney & Neil, 1951; Landgren & Neil, 1951). 


Despite these negative findings, we do not think that they rule outa — 
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. This has therefore been investigated by observing the bronchomotor responses 
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While investigating reflexes affecting the bronchial neeelaiens Daly & 
Schweitzer (19514, 6) found that chemoreceptor stimulation caused broncho- 
dilatation. In some of their experiments, the response was abolished by section 
of the sympathetic nerves innervating the lungs, whereas in others, it.was 
diminished or unaffected. This suggested that the response was — about 


TA. (percentage change) 


ap.(mm.Hg). 


Timet (min.) 


~~ Dog, 2, 12 kg. Chloralose. @——@, haemorrhage 1, 265 ml.; O———CO, haemorrhage 2, 
300 ml.; W——¥Y, haemorrhage 3, 300 ml. During the first haemorrhage carotid chemore- 
ceptors inactivated by injection of 0-3 ml. of 0-5 n-acetic acid into each superior thyroid artery 
at first |; aortic chemoreceptors inactivated by intraventricular injection of 0-3 ml. of 0-5 
N-acetic acid at second arrow |. Between haemorrhages 2 and 3, atropine, 4 mg., injected 
intravenously. caused inerense of tidal air volume, Inactivation of the 


chemoreceptors did not significantly influence the tidal air resp to quent haemorrhag 


by an increase of sympathetic activity and/or by a decrease of vagal tone. As 
in some of their experiments the degree of bronchial tone was small, it had 
to be increased artificially by the injection of eserine. Thus the evaluation 
of the role of the vagus nerves in these reflex bronchomotor responses was 
difficult. 

_ It is possible, therefore, that the bronchodilator responses observed in the 
present investigation might be due, in part, to increased chemoreceptor activity. 


to haemorrhage before and after their inactivation. _ 
PH. CXVI. 
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' Fig. 9 is taken from a typical experiment and shows that the broncho- 
dilatation in response to haemorrhage 2 does not significantly differ from that 
to haemorrhage 1 during which the chemoreceptors of the carotid and aortic 
bodies were inactivated. It was confirmed that their inactivation had been 
complete by intracarotid and intraventricular injections of 0-25 mg. sodium 
cyanide. This had no effect on the tidal air volume, blood pressure or respiratory 
movements of the ribs. A similar result was obtained in two further experi- 
ments. It is concluded, therefore, that the increase in activity of the chemo- 
receptors as a result of haemorrhage does not appear to play any significant 
part in the production of the bronchodilator responses. Supporting evidence is 
supplied by the fact that no alteration of the response to haemorrhage has been 
observed on changing the oxygen content of the inspired air from that of 
atmospheric air to 100% oxygen. Under these conditions, the chemoreceptor 
discharge diminishes (von Euler, Liljestrand & Zotterman, 1939; Landgren & 
Neil, 1951). The probable explanation of these results will be discussed 
below. 

It will be recalled that sympathetic denervation of the lungs does not 
significantly affect the bronchodilatation in response to haemorrhage. Since 
the effects of chemoreceptor stimulation are mediated mainly through the 
sympathetic efferents (Bernthal, Motley, Schwind & Weeks, 1945), the absence 
of chemoreceptor participation in the haemorrhage bronchodilatation is in 
agreement with the results of the experiments described in an earlier section 
of this paper. 


The effect of section of the carotid sinus and aortic nerves wpon 
the bronchodilator response to haemorrhage 

_ The absence of any significant effect of inactivation of the chemoreceptors 
upon the bronchodilatation produced in response to haemorrhage suggests:that 
it might be brought about by a decrease of baroreceptor discharge. In this case 
normal bronchial vagal tone would depend upon the maintenance of a normal 
blood pressure. Such a conception is supported by the fact that cardiac vagal 
tone is maintained reflexly by the integrity of the sino-aortic nerves through 
the activity of the baroreceptors (Hering, 1927; Koch & Mies, 1927; Koch, 
1931). If it is correct, then section of the carotid sinus and aortic nerves should 
abolish bronchomotor tone as it does cardiac vagal tone. Our experiments len 
some support to this view. és 

The method used to investigate this was to bleed the animal and observe the 
degree of bronchodilatation produced. After transfusion of the blood, the animal 
was bled again, and when no further increase ‘of tidal air volume occurred the 
carotid sinus and aortic nerves were sectioned. The blood was transfused, and 
then atropine was given to indicate whether any bronchomotor tone was still 
present. 
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Considerable difficulty was encountered in trying to find both aortic nerves 
in the same animal. In dogs, it is not always possible to locate these nerves at 
the angle between the superior laryngeal nerve and the vagus nerve (Green, 
& — Nor was it permissible i in our 


4 

Fig. ‘10. "Deg 2, 7 kg. Chloralose. Right cervical vagosympathetic nerve cut. ©—, haemor- 
rhage J, 200 ml.; O——-O, haemorrhage 2, 180 ml.; W¥——-Y,, haemorrhage 3, 85 ml. During 
haemorrhage 2, section of both carotid sinus and left aortic nerves at arrow +; between haemor- 
rhages 2 and 3, atropine, 4 mg., intravenously. Atropine caused no change in the tidal air 
volume. Note that sino-aortic nerve produced a bronchodilatation. 


both cevicgd vagosympathetic nerves as a means of sectioning the aortic nerves, 
as bronchomotor tone is dependent upon their integrity. In the experiment 
depicted in Fig. 10, the aortic nerve on the right side could not be found, so the 


- Tight cervical vagosympathetic was sectioned. Tone was then maintained by 


the left cervical vagosympathetic nerve, and, as haemorrhages J and 2 show, a 

considerable increase of the tidal air volume resulted. During haemorrhage 2, 

both carotid sinus and the left aortic nerves were sectioned. There was no 
| 42 
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further increase of the tidal air volume. It will be noted that on transfusion of 
the blood, the tidal air recovered only to an extent equal to that of the residual 


Fig. 11. Crossed circulation experiment. Dog A, 3, 11-5 kg. Chloralose. Positive pressure ventila- 
tion. Dog B, g, 13 kg. Chloralose. Negative pressure ventilation. Both carotid sinuses of 
dog B isolated from the general circulation and perfused by dog A (modification of Heymans, 
1929a). Blood pressure of dog B maintained constant by a compensator. 7.4. volume and 
E.P.P. of dog B, and the B.P. of both dogs recorded. (a) During continuous signal, dog A bled 
175 ml. Blood transfused between arrows {+. (b) During continuous signal, dog A bled 
180 ml. Blood transfused between arrows {+. Between (a) and (b), both carotid sinus nerves 
sectioned in dog B. 


effect, as shown by haemorrhage 3. This amounted to 3%. It is inferred from 
this experiment that section of the buffer nerves abolishes bronchomotor tone, 
as indicated by failure of the bronchi to constrict again when the blood pressure 
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ot rose above the level of the baroreceptor threshold. This is confirmed by the fact 
— oF that the subsequent injection of atropine showed no bronchomotor tone to be 
; present after section of the buffer nerves. It appears, therefore, that broncho- 


motor tone was entirely maintained by Te from the ee areas of 
the carotid sinus and arch of the aorta. 
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| Fig. 12. 11. @——@, haemorrhage 1, 175 ml.; 
of | 2, 180 ml. in dog A. Between haemorrhages J and 2, both carotid sinus nerves sectioned in 
oR dog B. Note the bronchodilator response is abolished by section of the carotid sinus nerves. 
ow In none of twelve animals were we able to find both aortic nerves. On three 
“bled occasions. the nerve was found on one side only, and therefore the cervical 
erves “  vagosympathetic nerve had to be sectioned, before recording was begun, on the 
i __ side on which the aortic nerve could not be identified with certainty. In two 
\ of these, the initial tidal air responses to haemorrhage did not differ significantly 
from from the residual effect and the degree of bronchomotor tone present was found 
tone, | to be very small. This was in all probability due to there being only one vagus 
ssure nerve intact. Consequently, the experiment referred to above was the only — 
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successful one of this type and we hesitate therefore to lay too much stress on the 
results obtained from it. Nevertheless, using a different technique, the reflex 
nature of these bronchodilator responses have been placed beyond doubt. 
Isolated perfused carotid sinus experiments. The reflex control of broncho- 
motor tone has also been demonstrated using isolated carotid sinus preparations 
perfused by a donor dog (Fig. 2). | : 

Under these conditions bronchodilatation in dog B results when the intra- 
sinusal pressure is lowered by subjecting dog A to an acute severe haemorrhage 
(Fig. 11a). This response is abolished by section of both carotid sinus nerves of 
dog B (Fig. 116). The absence of a response was not due to there being no 
bronchomotor tone present, for a subsequent injection of atropine caused a 
3-5% increase of the tidal air volume. This tone was presumably maintained 
by the aortic nerves. In these experiments, cardiovascular effects in dog B 
were prevented from causing reflex bronchomotor responses via the aortic 
nerves by maintaining the blood pressure constant with a compensator. For 
comparison, the results of the experiment depicted in Fig. 11 are represented 


graphically in Fig. 12. 


The above experiments show conclusively, therefore, that bronchodilator 
responses to haemorrhage are brought about reflexly fromthe carotid sinus 


and arch of the aorta. Since they are little affected by chemoreceptor inactiva- 


tion, it is in all probability a decrease of baroreceptor impulses from these 


tone. 
DISCUSSION 

We have shown that when the blood pressure is lowered by subjecting an 
animal to acute haemorrhage a bronchodilatation results which is due to a 
decrease of vagal tone; bronchial tone increases again on transfusion of the 
blood. Evidence has also been presented that the mechanism responsible for 
decreasing the bronchial vagal tone is a diminution of pressure in the carotid 
sinuses, and the response is therefore reflex in nature. It is reasonable to 
assume that under normal conditions the aortic baroreceptors would participate 


_ in the maintenance of normal bronchial tone, as in all respects the carotid sinus 


and aortic nerves act as a functional entity. The observations: that some 
bronchial tone is present after section of the carotid sinus nerves in isolated 
carotid sinus perfusion experiments (Fig. 12), and that bronchial tone is 
-abolished by bilateral division of the sino-aortic nerves support this view. This 
is in good agreement with the findings of other workers that cardio-inhibitory tone 
is diminished by a similar procedure (Heymans; Bouckaert & Regniers, 1933). 
Recent work has shown that lowering the blood: pressure by haemorrhagé 

in successive stages causes'an‘ increase of «chemoreceptor discharge (Coleridge 
et al. 1949; Kenney & Neil, 1951; Landgren & Neil, 1951). These authors con- 
cluded that the increased discharge was responsible for maintaining in bled 


regions that is responsible for bringing about the decrease of bronchial vagal — 
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animals the vasomotor tone, which is mediated mainly through the sympathetic 
nervous system (Bernthal et al. 1945). On the basis of these experiments, it 
might be expected that the bronchodilator responses to haemorrhage would be 
due in part to increased chemoreceptor activity, particularly as such a reflex 
is known to exist (Daly & Schweitzer, 1951a, 6). Yet, as our observations have 
shown, the chemoreceptors do not participate significantly in the bronchodilator 
response to haemorrhage. 

It appears to us that the most plausible explanation of this apparent anomaly 
is as follows. When the blood pressure falls below 65-70 mm. Hg there is a 
cessation of the baroreceptor discharge (Koch, 1931; Schweitzer, 1937; Bronk & 
Stella, 1932), a loss of vagal tone and an increase of sympathetic tone (Hering, 
1927; Koch, 1931). This causes a bronchodilatation which, as our results show, 
is in all probability a maximal response. Many workers have shown that no 
bronchodilator response can be elicited from injection of drugs or from sympa- 
thetic nerve stimulation unless bronchomotor tone is present. When the blood 
pressure is below the baroreceptor threshold, therefore, the effects of chemo- 
receptor activity cannot influence the bronchi which, at that time, are full 

If this explanation is correct, then section of the sympathetic nerves in- 
nervating the lungs should also have little or no influence on the degree of 
bronchodilatation in response to haemorrhage. Increased sympathetic activity 
would be expected to follow from excitation of chemoreceptors and, reciprocally, 
as a result of decreased baroreceptor discharge. In fact, our experiments show 
that there is little or no alteration of the tidal air response to haemorrhage after 
section of the sympathetic nerve supply to the lungs. This confirms the results 
obtained from chemoreceptor inactivation. We are unable to say, however, 
whether the chemoreceptors influence the bronchi in the initial stages of 
haemorrhage or during transfusion when the blood pressure is at a level above 
the baroreceptor threshold. It is then that some degree of bronchomotor tone 
might be present and that chemoreceptor activity would be able to influence it. 
The methods used in our experiments do not enable us to draw any conclusions 

It is evident that the observed bronchomotor effects are brought about 
almost entirely by an alteration of baroreceptor discharge affecting broncho- 
motor tone reflexly through the vagus nerves. This general conception gives 
support to previous work in which it was found that this reflex was prepotent 
(Daly & Schweitzer, 1951a, 5). 

It is suggested, therefore, that the baroreceptor discharge plays an important 
part in maintaining normal bronchomotor tone, as is the case with cardiac vagal 
tone. It has been shown that, when the carotid sinus and aortic nerves are cut, 
there results a chronic tachycardia due mainly to abolition of vagal tone (Koch 
& Mies, 1927; Koch, 1931). In one similar experiment. carried out to test the 
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effect on the bronchi, sino-aortic nerve section caused bronchomotor tone to be 
abolished.. It might be inferred from this and other evidence that. broncho- 
motor tone was dependent entirely upon the integrity of these nerves for 
- transmitting baroreceptor impulses to the vagus centre. Such a contention is 

possible, but impulses arising from other receptors must be taken into account 
when considering factors responsible for maintaining normal tone. 

Evidence is accumulating that, in anaesthetized animals, the chemoreceptors 
of the carotid and aortic bodies are in a state of continuous activity (Samaan & 
Stella, 1935; von Euler et al. 1939; von Euler & Zotterman, 1942). The extent 
to which this activity might affect bronchomotor tone is at present under 
investigation. 

Other vasosensory areas have been described in the vascular beds of the 
coeliac and superior mesenteric arteries (Heymans, Bouckaert, Farber & Hsu, 


1986; Heymans, Bouckaert & Wierzuchowski, 1937); in the pulmonary artery, 


pulmonary veins, and left auricle (Schwiegk, 1935; Schweitzer, 1936; Daly, 
Ludény, Todd & Verney, 1937), and in the right auricle (Bainbridge, 1915). 
The results of our experiments do not enable us to say what part, if any, impulses 
from these regions play in reflexly maintaining normal bronchomotor tone. We 
believe, however, that whatever their contribution, it must be small compared 
with that of the normal baroreceptor discharge from the carotid sinuses and 
arch of the aorta. | os 
SUMMARY 

1. The part played by reflexes from the vasosensory areas in controlling 
bronchomotor tone has been investigated in dogs under chloralose anaesthesia. 
Alterations of intrasinusal and aortic pressures were brought about by subjecting 
the animals to acute severe haemorrhage followed by transfusion of the same 
blood. | 

2. Under these conditions, lowering the blood pressure to 30-45 mm. Hg 
causes bronchodilatation; the bronchi constrict when the pressure is raised 


again. 
3. The bronchodilator responses are not significantly affected by section of 


the sympathetic nerves innervating the lungs. They are, however, abolished by 
atropine, and by section of both cervical vagosympathetic nerves. This 
suggests that the responses are brought about mainly by a decrease of vagal 
tone. | 

4, Kvidence is presented that these effects are not due to anaemia of the 
medullary centres. | 

5. The bronchodilatation is unaffected by inactivation of the carotid and 
aortic chemoreceptors. | 


»> 6, When the bronchi have dilated in response to haemorrhage, section of the 


carotid sinus and aortic nerves results in the bronchodilatation being permanent — 


with no subsequent bronchoconstriction on transfusion of the blood. 
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7. Itis concluded that normal bronchomotor tone is, at least in part, main- 


tained reflexly by baroreceptor activity i in the carotid sinus and arch of the 
aorta. 
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THE PLASMA, CELL AND BLOOD) VOLUMES OF 
ALBINO RABBITS AS ESTIMATED BY THE DYE 
(T 1824) AND ®P MARKED CELL METHODS. 


By J. ARMIN, R. T. GRANT, H. PELS ann E. B. REEVE* 
From The Clinical Research Unit, Guy’s Hospital, London — 
(Received 6 June 1951) | 


At present the most satisfactory estimates of blood volume are obtained from 


. Summing simultaneous measurements of plasma volume, made by a dye method, 


and cell volume made by a marked cell method (Reeve, 1948). Such simultaneous 
determinations are time consuming. For work on the effects of haemorrhage 
and fat embolism in rabbits (Armin & Grant, 1951) measurements of blood 
volume were required, but a simpler technique was desired. Fairly satisfactory 
blood volume estimates can be derived from measurements of either plasma 
volume and haematocrit or cell volume and haematocrit, provided correction 
factors are used. We have obtained data for determining the correction factors 
from simultaneous estimates of plasma volume, made with T 1824, and cell 
volume, made with a modification of the **P method (Reeve & Veall, 1949) on 
a series of 29 rabbits. These estimates and the derivation of the correction 
factors are first reported. With the appropriate correction factor and measure- 
ments of cell volume by the **P method the blood volumes of a second series 
of 80 rabbits have been determined. The **P method has the advantages for 
the rabbit of requiring ade small blood samples and of technical vies anal 


General 
Nes best method of injecting exact quantities of solutions and withdrawing blood samples was 
ound to be through a fine polythene catheter passed via an ear vein into the great veins near the 
heart. The technique of catheterization, which has many applications, is described in an appendix. 
The catheter was maintained patent by a very slow infusion of heparinized saline. Injected fluids 
were washed in with a little saline; the first portion of a blood sample containing the saline from 
the catheter was discarded. 

All animals were starved for 12-15 hr, before an experiment. A preliminary (blank) blood sample 
of 4 ml. was withdrawn. The suspension of ‘marked cells and the T 1824 solution were then injected 
and washed in, About 8 min. later a 4 ml. blood sample was withdrawn, and after this at about 
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8 min. intervals three 3-5 ml. blood samples were taken. All blood samples were heparinized. The 
plasma was separated from the blank blood sample and used to make the T 1824 standard. The 
*sP content, the haemoglobin concentration and the haematocrit of each of the other whole blood 
samples were estimated, the plasms was then separated from these samples and its T 1824 content 
and total protein content were determined. Haemoglobin was estimated in duplicate by Method | 
(Reeve, 1944), The haematocrit was estimated by spinning 100 mm. columns of blood in 2 mm. 
bore haematocrit tubes at 3000 r.p.m. for 30 min. in a centrifuge head of 15 om. radius. All packed 
cell estimates were multiplied by 0-95,-since when the haematocrit method is used as stated 5%, 
of the packed cell column consists of plasma (Leeson & Reeve, 1951). The results so corrected are 
reported here‘as mi. vells in 100 mi. venous blood and are termed ‘% cells in venous blood’. The 
total protein content was determined by the copper sulphate method (Van Slyke, Hiller, Phillips 
Hamilton, Dole, Archibald & Eder, 1950). 


? 


Percentage of "P added to whifile blood 
>. taken up by red cells 


15 
“Period of incubation (hr.) 
: i Fig. 1. The average rate of passage of **P into the red cells when 
lf 3 | rabbit’s blood is incubated at 37° C. with 10 yc. of *P. 


| Estimation of cell volume with **P 
| if _ Preparation of stock *P solutions. To get reliable estimates stock solutions must be carefully 
i prepared and stored, for the presence of appreciable quantities of **P in a form that would be spun 
of. down during the washing of the red cells (for instance as an insoluble precipitate or concentrated 
. in bacteria), might cause considerable errors in the estimation of cell volume. The *P was obtained 
from Harwell in sterile solution either as H,PO, or as Na,HPO,, the latter solution containing 
added carrier phosphate in the proportion of 1 mg. P (4-6 mg. Na,HPO,) per millicurie **P. The 
H,PO, solution was neutralized with a few drops of a weak NaOH (analytical grade) solution. 
Ps Stock solutions were prepared by diluting either of the Harwell solutions with water till 1 ml. 
ee contained 100 yc., and were stored in small hard glass test tubes. The solutions were kept sterile 
Ay by boiling the storage tubes after each exposure to the air and were stored in the refrigerator. They 
ff were discarded if they showed the least trace of cloudiness or precipitate. 
os __ Preparation of marked red cells. Before the experiment, 0-05 ml. of heparin solution (5000 i.u./ml.) 


¥ | and 0-1-0-2 ml. of stock **P solution containing about 10 yc. of *P were autoclaved at 15 Ib./sq. in. 
. . for 30 min. in the stoppered centrifuge tubes described by Reeve & Veall (1949). 5 ml. of fresh 
: 4 blood were gently transferred into the centrifuge tube, which was then rotated for 1 hr. in an in- 


cubator at 37° C. During this period 2-3 uc. pass into the red cells (see Fig. 1). The centrifuge tube 
was cooled in iced water and the **P in the plasma was removed by three washings, each of about 


gently mixed and then spun down by 5 min, centrifugation at 2000 r.p.m. in a centrifuge head of 


25 ml. of ice-cold 0-9% sodium chloride solution. After each addition of saline the red cells were 
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14 cm. radius. The saline was then sucked off and discarded. After removal of the third saline wash, 
10 ml, of saline were added and the centrifuge tube was warmed to 25°C. The cells were then 
suspended by thorough gentle inversion and about 5 ml. of the cell suspension were injected into 
the rabbit via the catheter. The injection was usually made within 30 min. of completing the 
washing. 

The washing removes almost all the **P from the saline. Analysis showed that only 1-2% of the 
total activity was in the saline, and that in the few experiments in which intervals longer than 
30 min. elapsed between completion of washing and injection, the **P content of the saline did 
not exceed 2:5% of the total. | 

Other technique. Standards were prepared in triplicate by adding 1 ml. of a 1 in 50 dilution of 
the remainder of the suspension of radioactive cells to 12 ml. of a phosphate citrate mixture (1 part 
of a 2.5% tri-sodium citrate solution and 9 parts of Sorensen m/15 phosphate buffer solution of 
pH 7:3). Samples of rabbit's blood were prepared by adding 0-5 ml. of whole blood to 12 ml. of 
the phosphate-citrate mixture. Before making the radioactive counts the red cells were haemolysed 
with saponin. The cell volume, C, was determined from ‘ 


where v = volume of radioactive red cell suspension injected, 
Cy, =counte/min. of dilute standard, 
d=dilution of the dilute standard, 

h=haematocrit packed cell volume in unit volume of blood x 0-95, 
_C,,,=counte/min. of the samples, corrected for the loss rate of **P from the blood and for 
spontaneous dilution of the blood, | heey 
D=dilution of the samples. : 


No correction was made for the small proportion of **P in the saline of the injected red cells. At 
most this caused an overestimate by 2% and ordinarily probably by 1 % of cell volume. The packed 
cell columns were read to the top of the white cell layer. Thus the cell volume estimates are 1-2% 
greater than the red cell volumes. Though the distribution of white cells may not be constant 
through all the circulating blood, errors caused by uneven distribution are probably negligible. 
Blood was withdrawn from a donor rabbit to provide the activated red cells for the majority of the 
estimations. In 13 animals marked S§ in Tables 1 and 2 their own red cells were activated and 
injected. If, for instance, as a result of a blood group difference, injected activated red cells were — 
rapidly removed from the circulating blood this would result in an overestimate of cell volume. 
All blood volume estimations here reported were made on rabbits not previously transfused. 
Examination of the loss rates of *P from the blood after the injection provided no evidence of 
abnormally rapid removal of the injected donor cells from the circulation. There was no significant 
difference in the estimates of cell and blood volume obtained when the rabbits’ own activated cells 
were injected and when activated cells from a donor rabbit were injected. We therefore think it 
unlikely that much error has resulted from using activated donor rabbit cells. | 

1 ml., measured by weight, of a 200 mg./100 ml. T 1824 solution was injected through the catheter, 
either just before or just after the suspension of marked red cells. With the undyed plasma a 
standard was prepared of nearly the same dye concentration as the dyed samples, and the dye 
contents of standard and samples were estimated with a photoelectric photometer using the red 
filters described by Gibson & Evelyn (1938). The observed optical densities were transformed into 
dye concentrations from calibration curves. : 

Plasma volume, V, was obtained from yan, 
where Cy =dye concentration of standard, 

@=dilution of standard, 
v=volume of dye injected, 
Cg, =dye concentration of samples corrected for dye loss and for spontaneous dilution. — 
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Correction for spontaneous dilution of the blood 

When successive samples of blood are drawn from the rabbit over a short period they often show 
some fall in haemoglobin and plasma protein concentration. The concentrations of dye in plasma 
and of marked red cells in blood will be altered if fluid is removed from or added to the blood. 
Assuming that the proportion of T 1824 labelled protein to total protein, and the proportion of 
labelled red cells to total red cells remains constant during the course of an experiment, corrections 
The 


formula is C =C,, «Zh 


C,, =the observed concentrations of dye or marked red cells in the nth sample, | 


A, =the total protein concentration of the first dyed plasma sample, | 
or the haemoglobin concentration of the first radioactive whole blood sample, 


A,,=the total protein concentration of the nth dyed plasma sample, 
or the haemoglobin concentration of the nth radioactive whole blood sample. 


With this formula the plasma and cell volumes are estimated in terms of the fluid content of the 
blood at the time of withdrawal of the first dyed and radioactive samples, — 


RESULTS 
"’ Loss of ®*P from the blood after the injection of radioactive red cells, and of 
T 1824 from the plasma after the injection of the dye 
Rate of *P loss. When for each rabbit the *P concentrations in the blood are 
plotted against the time after injection of the radioactive red cells, the changes 


in concentration, over the first 35 min. after the injection are eiteln the error 


of measurement. However, when the changes in concentration over time in all 
29 rabbits of the first group of experiments are summed, a mean loss rate from 
the blood of about 5 % of the *P/hr. is found. This is similar to the loss rate of 
about 6 %/hr. from man’s circulating blood reported by Reeve & Veall (1949). 

Analysis shows that a mean concentration of labelled red cells in the venous 
blood of the rabbit is reached by 8 min. after their injection. 3 

Rate of dye loss. Fig. 2 shows a number of graphs of the plasma T 1824 con- 
centration plotted against time after dye injection. There is a fairly rapid fall 
in dye concentration. The mean dye loss rate in the group was about 25 %/hr. 
which is 3-4 times that from human blood. In a few instances amongst the 
earliest estimates when faults in the catheterization technique may. have 
caused some disturbances to the rabbits’ circulations, the graphs of dye dis- 
appearance were L shaped. An example is shown in Fig. 2. 

Determination of C,,,. Cys, the concentration of marked red cells or dye that 
would be found if the biationdd red cells were distributed without loss through 
the circulating red cells, or the T 1824 through circulating plasma, is required 
for the equation used in determining cell and plasma volume. For estimation of 
both cell and plasma volume, C,,, was usually determined by extrapolation back 
to zero time on graphs of the type shown in Fig. 2. When the scatter of the — 
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points made extrapolation uncertain (as with the L-shaped dye disappearance 
graphs), the mean concentration of the four samples was corrected for the mean 
loss rate of the group of rabbits, 


First point equals 100 


L 
Time in minutes after T 1824 injection 
are & Fig. 2. Representative rates of loss of T 1824 from rabbits’ circulating plasma. The T 1824 con- 


1ges | centrations were corrected for spontaneous dilution as described in the text. For ease of — 
comparison the dye concentration of the first sample drawn after the injection in each case is 


eror called 100, and the dye contents of the subsequent samples are expressed as percentages of 

a all this value, The vertioal soale, to which each loss is plotted, is shown on the right. 

rom 

of | Simultaneous estimates of plasma and cell volume 
49). | Two series of such estimates were made, one at the beginning and one at the _ 


ious , end of the main series of **P estimates of blood volume reported later. The © 
| results of both series are shown in Table 1. The only differences in technique 


con- | between the two series were (i) that in the first series catheterization technique - 
fall was less skilful than in the second and therefore there was a little blood loss 
»(br: | before the start of the blood volume estimation, and sometimes more distur- 
; the bance of the rabbit’s circulation, and (ii) that in the first series a sample of 
have [ T 1824 supplied by Imperial Chemical (Pharmaceuticals) Ltd., and in the second 
dis- a sample supplied by the Warner Institute was used. The means of the two 


series show that the animal weights, haematocrit values, plasma volumes, cell 


that volumes and blood volumes were comparable. Further there was no significant 
ough | difference between two ratios (discussed shortly) shown in columns 8 and 10 of 
aired the table for the two series, For analysis the two series can therefore be 


on of combined, 
back It was earlier noted that the best estimate of blood volume is obtained from 
f the the sum of simultaneous estimates of cell and plasma volume. Column 6 of 
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Table 1 shows such estimates. Examination of the data of Table 1 shows that 
the blood volumes of column 6 cannot be obtained either from the formula - 


Cell volume x 100 
% cells in venous blood’ 


or from 
Plasma volume x 100 
100—% cells in venous blood 


where ‘%, cells in venous blood’ is ml. cells/100 ml. venous blood, without the 


use of correction factors. Thus, in column 7 are shown a series of percentages 
obtained from the formula 


Cell volume (*P) x 100 
Cell volume (#P) + plasma volume (dye) 


which expresses the cell volume as a percentage of the total blood volume. This 


_ percentage has also been termed ‘body haematocrit’ and is hereafter abbrevi- 


ated to ‘%, cells in total blood’. With the percentage of column 7 and the cell 


volume of column 5 the blood volume of column 6 is correctly determined from 
the formula 


Cell volume x 100 
% cells in total blood’ 


The error in the estimate of blood volume from the conventional formula 


Cell volume x 100 
% cells in venous blood 


is then given by 
% cells in total blood 
°%, cells in venous blood’ 


The values for this last ratio are shown in column 8; the mean value is 0°85, and 
therefore on the average the conventional estimate is only 0-85 of the combined 
estimate. The mean error. in the estimate given by the formula 
Plasm volume x 100 
100 —% cells in venous blood 


can be determined similarly from the mean of the values of the ratio 


100 —% cells in total blood 
100 —% cells in venous blood’ 


(not shown in the table), which is 1-08. Therefore on the average the blood 
volume obtained from the conventional formula 


Plasma volume 
100 —°% cells in venous blood 
PH. CXVI. 5 
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is 1:08 of the combined estimate. For comparison with other published data 

we show in column 9 of the table the estimates of cell volume obtained from 

the formula Plasma volume x % cells in venous blood 
100—% cells in venous blood r 

and in column 10 the value for the ratio 


Cell volume (*2P) (column 5) 
Cell volume (dye haematocrit) (column 9)’ 


On the average the **P cell a: is only 0-79 of the dye haematocrit estimate 
of cell volume. 
Correction factors 

Let V =blood volume, C =cell volume, P=plasma volume, H =cell volume 
in 100 ml. venous blood, and S=100—H. Then V may be determined from C 


and H with the correction factor f, thus, V =C x78 or V may be determined 
1 


from P and S with the correction factor f,, thus VaPx55. In this paper we | 


require to determine V from C and H, and therefore f, is the appropriate factor. 
This factor is the correction factor required to change H, the % cells in venous 
blood, into the % cells in total blood. Its value is best determined from the data 
of Table 1 with the regression equation relating H, the % cells in venous blood, 
to the % cells in total blood, which is % cells in total blood =0-858 H —0-2. 
The standard error of the regression coefficient, 0-858, is + 0-075. In the blood 
volume results reported for the second series of rabbits, blood volume, V, has 


100 
been calculated from the formula V=Cx 


Correspondence between calculated and measured blood volumes 


The data of Table 1 may be used to determine how closely a blood volume 
calculated from the cell volume, the % cells in venous blood and the above 


formula will be expected to lie to a blood volume obtained from the combined — 


2P and dye measurements. Column 11] of Table 1 shows such calculated values. 
The standard deviation of the differences between these calculated values and 
the measured values of column 6 is 6-5 ml.; on the basis of these data in 95% 
of cases the calculated value would be expected to be within +13 ml. of the 
measured value, The blood volumes of Table 1 range from 124 to 214 ml. and 
the differences between the values of columns 11 and 6 tend to increase with the 
size of the blood volume. If these differences are expressed as percentages of 
the values of the blood volumes of column 6, then the standard deviation of the 
differences expressed as percentages is 4-15. It is probable therefore that in 

95% of cases the calculated blood volume will lié within +8-3 ml. /100 ml. of 
the combined estimate. 
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_ Estimates of cell and blood volume in albino rabbits with the ®®P method 
For the estimates given below the venous catheterization technique was the 
same a8 in the two series just reported, but no T1824 estimates of plasma 
volume were made, and only two 3 ml. samples were withdrawn at intervals of 


10 and 15 min. after the injection of the radioactive red cells. To determine 
C,,, the mean **P content of the two samples was multiplied by 1-01 to allow 


| for 82P loss. Table 2a and 6 summarizes the results of these observations. 


TABLE 2. Estimates of cell and blood volume in albino rabbits with the *P method 
(a) In animals with more than 34% cells in venous blood 


(sex) (kg.) (g./100 ml.) (ml.) wt.) (ml.) body wt.) 
46F. 26 12-85 34:7 38-9 15-0 132 50:8 
44M. 23 14-35 38-4 37:8 16-4 50-4 
265 12-5 35-9 39-8 15-9 130 52-0 
52M. 26 13-0 36-3 38-7 15-5 125 50-0 
57M. 26 13-8 39-8 47-1 18-1 139 53-5 
63M. 20 13-3 37-9 52:3 18-1 162 55-9 
71M. 2-25 12-8 36-2 40-0 17-8 130 57:8 
73M. 19 13-3 37:8 36-0 19-0 112 59-0 
SOF. 2-05 13-3 38-6 41-2 20-1 125 61-0 
81M. 225 12-8 36-9 43-8 19-5 140 62-2 
82F. 2-25 12-9 36-5 37-9 16-9 122 54-2 
88F. 2-65 12-4 35-2 44-4 16-8 148 55-8 
28 13-1 47-3 16-9 163 58-2 
4M. 29 14-4 39-2 536 18-5 161 55-5 
OF. 26 13-5 37-2 48-2 18-6 152 58-5 
97F. 27 125 35-9 43-4 16-1 142 525 
98M. 3-45 13-5 37-0 55-0 16-0 175 50-7 
101M. 29 12-9 49-3 17-0 166 57-2 
102M. 365 14-0 37-6 63-1 18-1 198 565 
106 F. 25 153 41-0 57-0 22-8 163 65:1 
108M. 235 130 34-4 43-4 18-5 149 635 
110M. 25 13-3........... 30-4 48-7 19-5. 145 58-0 
127M. 22 13-8 35-6 16-2 107 48-6 
129 F 2-0 13-3 36-7 34-3 17-2 110 55-0 
135 F 26 12-9 36-4 49:9 19-2 161 62-0 
137 F. 13-2 36-6 493 18-3 158 58-5 
138 F. 2-05 128 35-0 44:3 14-9 149 50-0 
1399F. 28 13-9 35-9 50-4 18-0 165 
14M. 22 13-8 38-6 40-0 18-2 122 55-5 
WF. 12-4 36-5 45-6 16-9 147 54:5 
149 F 12-8 35-6 37-7 124 496 
128M. 275 13-4 37-6 16-7 143 520 
154 M, 12-9 35-5 38:5 16-8 128 556 
110M. 27 12-8 35-3 48-6 18-0 162 60-0 
164 F 2:7 126 36-3 52:3 19-4 169 62:6 
165 F 2-45 13-2 35-9 515 21-0 169 69-0 
166M. 33 125 34-2 54-6 16-6 187 56-6 
167M. 27 14-9 40-4 53-6 19-9 156 57:7 
170 F 2-55 11-7 346 48-0 18-8 163 64-0 
174 F 2-65 13-9 37-6 47-0 17-8 146 55-0 
176 F 2-7 12-9 37-6 45-0 16-7 144 53:4 
179M. 30 13-4 37°6 55:8 18-6 174 59-0 8 
183 F 2-8 13-4 38-1 50-0 17-9 154 55-0 3 
186M. 275 12-5 35-8 42-3 15-4 139 50:5 
195M. 24 13-2 37-1 46:8 19-5 148 61-7 8 
Mean 2-61 13-2 36-86 461 17:7441-64 147 56-51+4-62 


5-2 
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Yocelisin Cell Cellvolume Blood Blood volume 4 
Rabbit Weight Haemoglobin venous volume (ml./kg. volume ml. /kg. 
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| Taste 2 (cont.) 
(b) In animals with less than 34% cells in venous blood 


Rabbit Weight H venous volume (ml./kg. volume (ml./kg. 
(sex) (kg.) (g-/100ml.) blood (ml) bodywt.) (ml.) body wt.) 
49M. 26 9-8 28-6 37-4 14-4 154 59-2 

2-2 11-0 31-4 37:1 16-9 139 63:7 
61 F 2-4 12-3 32-6 40-0 16-7 144 60-0 
72M. 20 11-5 32-0 32-0 16-5 118 
74 M. 11-3 31-8 45-2 18-8 167 69-5 
75 F 2-3 11-7 32-9 38-9 16-9 139 60-5 
76M. 2-46 12-2. 33-4 ALB 16-9 146 
77 11-7 31-8 34-0 16-6 125 61-0 

114? 16 11-1 30-8 26-7 16-7 102 63-9 

115 F 2-8 12-0 33-4 47-4 17-0 167 59-6 

116 ? 4-1 11-7 32-8 66-4 16-2 237 57:8 

130 M. 11-5 32-7 36-4 15-2 131 54-5 

133 F 3 11-5 31-6 50-6 15-7 189 59-0 

151 M. 3-2 11-7 32-8 47-7 14-9 171 53-4 

153 F 2-5 11-9 31-7 34-6 13-9 128 51-2 

155 F. 2-3 11-5 31-5 36-1 15-7 135 58-6 

162 F 2-8 11-7 33-9 50-3 18-0 174 62-1 

168M. 33 12-3 33-6 53-3 16-2 187 56-7 

171 F 2-9 11-6 33-3 54-0 18-6 190 65-5 

17M. 26 32-5 40:8 15°7 147 56-5 

191F. 27 11-2 33-9 48-6 18-0 168 62-2 8 

19 F. 32 11-9 32-3 49-8 15-0 181 56-5 8 

194F. 2-35 10-9 32-0 38-6 16-4 142 60-4 8 

196 F 2-95 12-1 33-2 40-0 13-5 141 47-8 8 

‘197 F 2-55 10-9 30:8 40-5 15-9 155 60-7 8 
125 F 2-50 11-1 32-6 33-2 15-4 119 48-0 
Mean 2-63 11-5 32-3 423 16-1441-42 154 58-73 4+.4-93 

Mean of 2-62 12-6 35-22 44-7 17-:1541-74 149-5 57-32 +4-82 

all values 


8 indicates animals injected with their own P* labelled cells. The other 
: animals received labelled cells from donor rabbits. 


Wintrobe (1946) gives 39-8 (s.D. + 4-3) as thie formal percentage haematocrit 


value for male rabbits. The mean % cells in venous blood for our 71 albino 
rabbits was 35-22, or adding 5% trapped plasma to make these results com- 
parable with those of Wintrobe, 37-0. It is thus possible that some of our 
animals were anaemic. To test if there was any significant difference in blood 
volume between those with lower and those with higher haematocrit levels we 
have arbitrarily divided the rabbits into two groups, those with more than 
340% cells in venous blood (Table 2, section (a)) and those with less than 
34-0 %, cells in venous blood (Table 2, section (b)). 

The first group contains 45 rabbits. The mean body weight is 2-61 kg., the 
mean % cells in venous blood 36-9 (range 34-0-41-0), the mean cell volume 
17-74 + 1-64/kg. and the mean blood volume 56-51 + 4-62/kg. The second group of 
26 rabbits contains animals with percentages of cells in venous blood ranging 
between 28-6 and 33-9, mean 32-3, with a mean body weight of 2-63 kg. The mean 
cell volume is 16-14 + 1-42 ml./kg. and the mean blood volume 58-73 + 4-93 ml. /kg. 
Hence though the mean blood volume of the second group is slightly higher, 
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: ; there is no significant difference between the blood volumes of the two groups. 
; The cell volume of the second group is lower as expected from the lower 
haematocrit levels. If both groups of rabbits are combined the mean cell 
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Fig. 3. Fig. 4. | | 

Fig. 3. The cell volumes of albino rabbits plotted against body weights. The data are from Table 2. 


| Data from Table 2a (more than 34-0% cells in venous blood) are indicated by @, data from 
Table 26 (less than 34-0% cells in venous blood) by x. 


| Fig. 4. The blood volumes of albino rabbits plotted against body weights. The data are from Table 
5 2. Data from Table 2¢ (more than 34-0% cells in venous blood) are indicated by @, data from 
< Table 26 (less than 34-0% cells in venous blood) by x. 


TaBLE 3. Estimates of cell and blood volume in brown rabbits with the **P method 


| 

| Of cellsin Cell Cellyolume Blood _ Blood volume 
Rabbit Weight Haemoglobin venous volume (ml./kg. volum (ml./kg. 
| 

| 


(sex)  (kg.) (g./100ml.) blood bodywt.) (mi.) body wt.) 
147F. 32 12-7 34-4 50-6 15-8 173 54-0 
148M. 28 14:8 38-9 51-9 18-5 156 55:7 

157 F. 2-65 13-3 35-8 57-5 21-7 188 71-0 
13F. 28 13-6 37-9 541 19-4 168 60-0 

84F. 2-65 11-5 33-1 38-2 14-4 135 51-0 
166F. 26 11-4 32-2 49-4 19-0 180 69-2 
168 F. 2-65 11-7 32-2 48-0 18-2 175 66-0 
19F. 28 9-7 28-8 60-2 21-5 246 87-9 
160F. | 275 9-7 28-8 45-8 16-7 187 68-0 
Means 2-77 12-0 33-6 50-6 18-35 1 64-75 

+2-44 +11-27 

, volume is 17-15 + 1-74 ml./kg., and the mean blood volume 57-32 + 4-82 ml./kg. 


cluded the data from Table 1 in the figures since a number of the rabbits on 


| 

| Graphs of the data from Table 2 are shown in Figs. 3 and 4. We have not in- 
whom the combined estimates were made had lost amounts of blood ranging 
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from 5 to 15 ml. before the withdrawal of the first dyed and radioactive blood 
samples, and therefore the average cell and blood volumes are & little low. 

A few observations, shown in Table 3 were made on brown rabbits. The mean 
cell volume, 18-35 ml./kg., and blood volume 64-75 ml./kg., were higher than 
in albino rabbits and the blood volumes showed a greater range of values 
(s.D. + 11-27). It therefore seems unsafe to apply the results on albino to brown 
rabbits. 

DISCUSSION 
There is now much evidence that in man (Hevesy, Koster, Sorensen, Warburg 
& Zerahn, 1944; Gibson, Peacock, Seligman & Sack, 1946; Meneely, Wells & 
Hahn, 1947; Barnes, Loutit & Reeve, 1948; Reeve & Veall, 1949; Nachman, 
James, Moore & Evans, 1950; Mollison, Veall & Cutbush, 1950), and dog (Hahn, 
Ross, Bale, Balfour & Whipple, 1942; Gibson et al. 1946; Nickerson, Sharpe, 
Root, Fleming & Gregersen, 1950), when estimates of cell volume are made with 


cells labelled with radioactive iron, radioactive phosphorus or by a blood group 


difference, and estimates of plasma volume are made by T 1824 or Brilliant 
Vital Red, the % cells in total blood averages nine-tenths or less of the % cells 
in venous blood. The results presented in this paper show that the same is also 
true for the rabbit. The evidence indicates that the radioactive iron, radio- 
‘active phosphorus and group difference methods give similar estimates of cell 
volume (Barnes et al. 1948; Reeve & Veall, 1949; Berlin, Huff, Van Dyke & 
Hennessy, 1949). Some confusion has arisen because the estimates of cell 
volume given by improved carbon monoxide methods agree closely with those 
given by the T 1824 haematocrit method (Root, Roughton & Gregersen, 1946; 
Courtice & Gunton, 1949a, 6). But it seems almost certain that the carbon 
monoxide method gives an overestimate of cell volume (Barnes e al. 1948; 
Reeve & Veall, 1949; Nickerson e al. 1950). 

The rate of loss of T 1824 from the rabbit’s circulating plasma, estimated to 
average 25%, during the first hour, is about 4 times that from man’s and 3 times 
that from the dog’s circulating plasma (for review of loss rates, see Reeve, 
1948). Similar loss rates from the rabbit’s circulating plasma may be calculated 
from some of Courtice’s (1943) observations. In estimating C,, , the denomina- 
tor of the equation used for calculating plasma volume, allowance must be made 

_ for the loss of dye between the injection of dye and the withdrawal of samples. 
In general, the faster the rate of loss the less certain is the correction for loss. 
Thus T 1824 is less satisfactory for estimating the plasma volume of the rabbit 
than for estimating that of man or dog. We therefore do not claim high precision 
for the T 1824 estimates of plasma volume given here, but have no reason to 
believe them much in error. 

Courtice (1943, and personal communication) found in 60 healthy, muscular, 
brown rabbits an average of 70 ml. blood/kg. body weight. For blood volume 
estimations he used the T 1824 and haematocrit method, but his haematocrit 
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values were not corrected for trapped plasma and he used no other correction 
factors. His results can be made comparable with ours by correcting his haema- 
tocrit values for 5% trapped plasma and using a value for the correction 
factor f, derived from the data of our Table 1. The regression equation relating 
100—% cells in venous blood (S), to 100—% cells in total blood, derived from 
the data of Table 1, is 100 — % cells in total blood =0-858 S + 14-4. This provides 
the best value for f,. V, the blood volume is therefore best determined from 


Px 100 
the equation V = 0: where P = plasma volume. Courtice’s Table 8 


shows an average plasma volume of 50 ml./kg. and an average haematocrit of 
285%. From this we recalculate that the average blood volume of his animals 
was 65 ml./kg. body weight. This compares well with our average of 64-75 ml. 

on brown rabbits, but is considerably higher than our average of 57-32 ml./kg. 

body weight on albino rabbits. Courtice & Gunton (19496) report further 
observations on the blood volumes of a group of rabbits since ascertained to 
have been of mixed breed. We calculate from the T 1824 plasma volume and 
haematocrit estimates given in their Table 6 and applying our correction factor 
that their rabbits averaged 54 ml./kg. body weight. This is close to our mean 
value for albino rabbits. Courtice & Gunton point out that the rabbit’s blood 
volume is much affected by the type of diet, and dietary differences may 
explain some of the difference between the earlier observations of Courtice and 
the later ones of Courtice & Gunton. However they cannot explain the signi- 
ficant mean difference of 7-43 ml./kg. between our estimates on brown and on 
albino rabbits, since both groups of animals were fed on a grass concentrate and 
water diet. Thus it is probable that the rabbit’s blood volume varies with the 
breed of the rabbit as well as with the type of diet. 


SUMMARY 
1, Simultaneous estimates of plasma volume with the dye T 1824 and cell 
volume with red cells labelled with **P in 29 rabbits are reported. 
2. On the average, blood volume calculated from the formula 
Plasma volume x 100 
100 — % cells in venous blood 
is 1-08 times, and calculated from the formula 
Cell volume x 100 — 
cells in venous blood 
0-85 times the value obtained from the combined dye and marked cell estimate. 
3. Estimates of blood volume lying within +8% of the combined estimate 
can be obtained in 95% of cases from measurements of cell volume by the =P 
method and of the °% cells in venous blood, from the formula, 
Cell volume x 100 
0-858 x % cells in venous blood —0-2° 
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Such estimates are reported for 71 albino and 9 brown rabbits. 
4. The average cell volume/kg. body weight was 17:15 ml., 8.p. + 1-74, in 

the albino, and 18-35 + 2°44 in the brown rabbits. The average blood volume 

was 57-32, 8.D. + 4-82 ml. in the albino and 64-75 + 11-27 in the brown rabbits. 
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APPENDIX 
_ Technique of catheterization 

The catheter is inserted through a needle into the central or marginal vein at the base of the ear, 
and is then passed along the venous tree for a distance of 15-20 cm. till its tip reaches the great 
veins. The catheter is long enough to allow freedom of head movement and is well tolerated by the 
conscious rabbit. 

The needle for inserting the catheter has an internal diameter of about 1-27 mm. and a shaft about 
4 om. long. To reduce the external diameter, the wall of the distal centimetre is ground so thin that 
it will just support a cutting edge on its bevelled point. ae 

The catheter is made from a 90 om. length of polythene tubing of an external diameter that will 
just allow the catheter to pass easily through the needle. To allow rapid withdrawal of blood its 
internal diameter should not be less than 0-6 mm. The polythene tubing supplied by Allen and 
Hanbury (Sterivac cannulae No. 1) varies considerably in both external and internal diameters 
and suitable portions require to be selected. 
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A few millimetres of one end of the catheter is rendered solid. To do this, the tubing is passed into 
a metal tube of the same bore as the needle used for insertion, so that its tip just projects beyond 
the end of the tube; the other end is connected to a 20 ml. syringe. The tip of the metal tube is 
heated in a small flame till the polythene melts and then melted polythene is sucked a short way 
into the catheter. After the polythene has set the needle is gently reheated and the catheter 
withdrawn. 

Two holes, one at each end of a diameter, are bored with a small hypodermic needle immediately 
above the solid portion, the tip of which is then bevelled with a razor blade (see Fig. 5). This form 
of catheter tip obviates the difficulty caused by the end of the catheter being sucked against the 
vein wall and thus obstructed when blood is withdrawn. On the other end of the catheter a thickened 
rim is formed by inserting a needle into it and heating sufficiently to melt the polythene. This 
reinforced end is fitted to a needle. 


Fig. 5. The polythene catheter tip with solid end and two holes (diagrammatic). The internal bore 
: of the catheter should not be less than 0-6 mm. 


Perfusing the catheter. The needle of the catheter is connected to a motor-driven syringe con- 
taining heparinized saline (2 mg. heparin to 100 ml./isotonic sodium chloride) and delivering about 
10 ml./hr. This slow perfusion suffices to keep the tip of the catheter free from clot. Before insertion 
the catheter is filled with the saline. 

Inserting the catheter. The hair of the rabbit is removed from the basal portion of the outer 
surface of the ear. The animal is warmed on a heated table until the ear vessels remain dilated 
when the ear is handled. Procaine (0-25 ml. of 5% solution) is injected around the nerves accom- 
panying the vessels at the base of the ear. A section of the straight part of the central vein is 
exposed through a 15 mm. skin incision and its upper surface freed from adventitia. The bevelled 


tip of the catheter is passed into the inserting needle so that its bevel is parallel to and a little 


within that of the needle. An assistant compresses the vein at the base of the ear and the operator 


inserts the tip of the needle into the congested vein, and pushes 5-10 cm. of the catheter into the 


vein. The motor syringe is started and the needle withdrawn from the vein along the catheter. The 
vein is tied distal to the point of insertion and proximally, and loosely, around the catheter. The 
catheter is then pushed for a distance of 15-20 om. into the vein which usually brings the tip into 
the region of the heart. The ligature round the catheter is then tightened. 

Sometimes the catheter does not at once pass beyond the point to which it is first inserted. After 
an interval of a few minutes’ further manipulation, especially when the rabbit stretches its head 
forward, the catheter almost always slips in easily. The catheter is more liable to stick in the left 
than in the right veins probably because the right veins pursue a more direct course to the heart. 

Injecting and withdrawing through the catheter. The catheter holds about 0-3 ml. of solution. After 
injection through the catheter 0-5 ml. saline is sufficient to wash in the injected fluid. To remove 
the saline from the catheter so that a true blood sample can be obtained, 0-8 ml. (saline followed 
by blood) is withdrawn and discarded and then the sample is withdrawn. After withdrawal of the 


sample the blood remaining in the catheter is washed in with saline. 
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THE EFFECT OF THE PITUITARY AND GROWTH 
HORMONE ON THE BLOOD PRESSURE AND ON 
THE ABILITY OF THE HEART TO HYPERTROPHY 


By MARGARET BEZNAK* 
From the Department of Physiology, University of Burmingham 
| (Received 6 June 1951) 


In a previous series of experiments it was found that the heart weight increased 
when the aortae of rats were narrowed by means of silver rings of suitable 
diameter. Hypophysectomy prevented this hypertrophy (Hajdu & Beznék, 
1943, 1945). It is also known that, in the absence of aortic constriction, the 
hearts of hypophysectomized rats atrophy (McQueen-Williams & Thompson, 
1940), the blood pressure is low (Wyman & tum Suden, 1934; Leathem & Dri 
1943, 1944; Page, Ogden & Anderson, 1946) and renal hypertension is abolished 
(Ogden, Page & Anderson, 1944). ee 

The influence of hormones on the blood pressure of hypophysectomized rats 
has been investigated by a number of workers. Desoxycorticosterone acetate 
(percortin) and suprarenal extracts did not completely restore the pre-hypo- 
‘physectomy level (Leathem & Drill, 1943, 1944), or in hypertensive rats re- 
store the pre-hypophysectomy hypertension level (Page e al. 1946). Growth 
hormone (Squibb) had no effect on the blood pressure of hypophysectomized 
rats (Leathem & Drill, 1944). However, the abolition of renal hypertension 
which occurs after hypophysectomy was prevented by~ACTH (Anderson, 
Page, Li & Ogden, 1944). None of these authors paid any attention to the 
weight of the heart. : 

The object of the present investigations is to determine which of the pituitary 
hormones may be responsible for the effect on heart and blood pressure de- 
scribed above. The series here reported is concerned with the influence of growth 
hormone. 

METHODS 

The experiments were performed on groups of male rats weighing either 152-190 (170+1:3) g. or 
205-238 (221 41-6) g. The animals were kept in cages in groups of ten and were given an ad libitum 
diet of rat cake nuts (containing 14% dried skimmed milk) and water. The hypophysectomized 
rats were supplied with Tyrode's solution in place of water on the day of the operation, but apart 


* With a personal grant from the Medical Research Council. 
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from this the controls and operated rats received identical treatment. In order to control the 
possible effects of varying food intake in hypophysectomized rats, a pair-feeding experiment was 
performed. Eight hypophysectomized rats were put in individual cages and their food and water 
uptake measured. They were pair-fed for 5 days with eight sham-hypophysectomized rate. These 
received only as much food and water as their hypophysectomized partners consumed on the 
previous day. 

Hypophysectomy was carried out under ether anaesthesia by the parapharyngeal approach, as _ 
described by Smith (1930). Two modifications may be mentioned here, both serving to minimize 
bleeding. (1) The operation was performed on an operating table that could be lifted from the 
horizontal to about 60°, and hypophysectomy was carried out in this latter position. (2) A small 

piece was cut out from the digastric muscle (digastricus mandibularis) at the beginning of the opera- 

i _ tion—not only to be put in the hole after the pituitary had been removed as suggested by Smith— 
| but used during the whole operation asa tampon. It was a very effective means of reducing bleeding. 
Armour’s purified powdered growth hormone was used in the first series of experiments. This 
) contains about 12% thyrotropic contamination and is equivalent in potency to the temporary 
growth hormone standard adopted by the Technical Advisory Committee of the Study Section of 

Metabolism and Endocrinology of the National Institute of Health of the U.S.A. The powder was 

triturated with physiological saline (1 ml./mg. powder) and the pH adjusted to about 9 with 
n-NaOH. This stock solution was kept in the refrigerator and only used for 2 days, 1:5 dilutions 


ble being made daily. Each rat received one injection per day, intraperitoneally, containing 100 yg. 
tk powder in 0-5 ml. volume. Altogether five injections were given, starting on the day of the hypo- 
7 fs physectomy. Some of the control rats received 0-5 ml. saline, intraperitoneally, daily for 5 days. 
he __. In the second series ‘Antuitrin Growth’ (Parke, Davis and Co.) was used.. Each rat received 
on, 8 ml. daily, intraperitoneally, in two doses (1-5 ml. in the morning and 1-5 ml. in the evening). 
ill, | The injections were started on the day of the hypophysectomy, continued for 5 days and the rats 
ed 2_~—‘Saerificed 12 hr. after the last injection. As this preparation contains butyl alcohol (2-5%) and 
sodium ethylmercurithiosalicylate (1:10,000), 1-5 ml. of the same concentration was given twice 
daily for 5 days to normal rats as control. 
ats fl Heart hypertrophy was produced by narrowing the aorta just below the diaphragm with a silver 
ate : ring of 085 mm. diameter. In the rats where hypophysectomy or sham-hypophysectomy was 
performed, this was done at the same time as the narrowing. | 
28 f Five days after the operation the rats were narcotized with ether and their blood pressure 
al measured in the left carotid artery. A No. 12 hypodermic needle, the point of which was blunted, 
rth was introduced into the carotid as cannula and connected to a mercury manometer. After the 
wd Of blood pressure was read, the rat was killed by clamping its trachea. The heart was removed, freed 
ion from blood and dried with filter-paper. First the atria were cut off, then the right ventricular wall, 


leaving the left ventricular wall and the septum. This latter was now cut out, following closely on 
» the line where the right ventricular wall had been adhering. In this way the heart was divided into 

the ; four portions: atria, right ventricular wall, septum and left ventricular wall. These four parts were 
weighed separately and their dry-matter content determined. The ratio left ventricular wall:right 
| _ ventricular wall was then calculated and the septum divided accordingly. For instance, if it was 
aif , found that the left ventricular wall was 2-36 times as heavy as the right one, the weight of the 
de- septum was divided in the ratio of 2:36:1 and the corresponding weights added to those of the 
vth ventricular wall. Accordingly ‘left ventricle’ in the tables means the weight of the left ventricle 
wall + the part of the septum obtained by dividing the latter in the ratio of the left : right ventricular 
wall, 
i The completeness of the hypophysectomy was checked by ma piggxamination of the sella 
and by the weights of the suprarenals, thyroids and testes. Altogether more than 500 rats were 
used, but the paper contains the data only of those rats which survived the operational procedures 
by 5 days and in which hypophysectomy was found to be complete. 

Tha the following groups: (1) Normal rats, some injected with the 
N control solution, some sham-hypophysectomized. (2) Normal rats injected with growth hormone. 
(3) Normal rats with narrowed aortae. (4) Normal rate with narrowed aortae receiving growth , 
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hormone. (5) Sham-hypophysectomized normal rats pair-fed with hypophysectomized rats of the 
same weight. (6) Hypophysectomized rats. (7) Hypophysectomized rats receiving growth hormone. 
(8) Hypophysectomized rats with narrowed aortae. (9) Hypophysectomized rate with narrowed 
aortae and which received growth hormone. 


RESULTS 

First series: Armour’s purified growth hormone 

Table 1 gives the heart weights of all the animals weighing 152-190 g. (As 
sham-hypophysectomy and injection of the control solution had no influence 


on the weight of the hearts, the data of these rats are included in the mean 
i values given in the tables.) The last column contains the body-weight changes , 
| occurring during the experimental period of 5 days. | % 
| TaBiz 1. The wet weight of whole hearts in different experimental groups. Armour’s powdered 
growth hormone, 100g. (intraperitoneal) daily. 152-190 g. male rats 
Heart wt. =mean heart weight+standard deviation of individual data. 
n =number of rats. 


% =percentage changes, as compared to normal. : oe 
P =probability, calculated by test. 
* =comparison is made with group 6. 


Narrow =narrowing of the aorta. Body weight 
changes during 
experimental 
Heart wt. period of | 
Groups (mg.) n % P 5 days in g. 
1) Normal. 553+ 46 30 + 55 
(2) Normal +Growth hormone 571+68 9 + 3 >0-1 + 85 
(3) Normal + Narrow 693+89 12 +25 <0001 -11 
(4) Normal+Growth hormone+Narrow 6894108 10 +25  <0-001 a 7 
(5) Pair-fed 6454389 8 -1 -20 
(6) Hypophysectomy 474438 17 -17 <0-001 -14 
(7) Hypophysectomy +Growth hormone 499452 10 -10 <0-01 + 15 
>0-1* 
(8) Hypophysectomy + Narrow 492+41 10 - 20 
(9) +Growth hormone 
+ Narrow 514443 17 - 7 <0-01 -17 
<0-01* 
Table 1 shows: 
(a) Injections of growth hormone have no significant effect on the heart 
weight of normal rats. : 
(6) Narrowing of the aorta causes a 25°, hypertrophy in 5 days, this also 
is uninfluenced by growth hormone. | } 


| (c) Heart weight of hypophysectomized animals decreases by 17% in 
| 5 days, and the pair-feeding experiment shows that this is not due to the 
| reduced food intake and loss of body weight. In fact the hypophysectomized 
animals lose somewhat less weight than their pair-fed controls. The hypophys- 
ectomized rats eat an average of 9-6 g. rat cubes daily and drink an average of 
38 ml. water. The pair-fed controls eat all the rat cake provided but do not 4} 
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drink as much water as the hypophysectomized animals, their average con- 
sumption being 18 ml./day. : 

(4) The heart weight of hypophysectomized rats is always lower than that 
of the control groups. Narrowing of the aorta or treatment with growth 
hormone lessens the degree of atrophy, but the difference is not statistically 
significant. However, when both treatments are applied simultaneously 


a significant decrease in the degree of atrophy is — This gives the 
impression that the two effects may be additive. | 


TABLE 2. Wet weights in mg. of atria, right and left ventricles, and whole hearte. Armour’s 
powdered growth hormone, 100 yg. (intraperitoneal) daily. 152-190 g. male rate 

n=number of cases. 
%=mean value. 
o =standard deviation of individual data. 

% =percentage change, as compared to normal. 

P=probability, calculated by ‘t’ test. 
* =comparison is made with group 6. 


Narrow = narrowing of the aorta. 
Atria Right ventricle 
Groups % Pe. % 

1) N 30 41 — 30 150 21 — 
(2) Normal + Growth hormone 9 42 9 — 
(3) Normal + Narrow 12 4 7 — 12 1433 — 
(4) 10 48 18 — 10 1544 2 — 

+ Narrow 
(5) Pair-fed 8 42 56 — — 8 151 188 — 
(6) Hypophysectomy 17 3 7 -20 <002 17 129 14 -14 <0O0l 
(7) Hypophyseotomy + Growth 10 32 11 -27 <O0Ol 10 131 24 -13 <005 
(8) Hypophysectomy+Narrow 10 32 -~27 <001 10 127 13 -15 <0O0l 
(9) Hypophysestomy + Growth 17 36 7 -18 <002 417 #129 11 #-14 <0-001 

hormone + 

Left ventricle Whole heart 
Groups | % P 
1) Normal 30 359 35 — — 30 553 46 — — 
(2) Normal +Growth hormone 9 384 48 +7 >01 9 571 68 — — 
(3) Normal + Narrow 12 495 59 +38 <0001 12 693 89 +25 <0-001 
(4) Normal+Growth hormone 10 487 76 +36 <0-001 10 689 108 +25 <0-001 
+ Narrow 

(5) Pair-fed | 8 352 200 — — 8 545 39 — ~ 
7) H h +Growth 10 336 27 - “ 
(7) Hypop ey <0-05* 
(8) Necrow 10 333 35 75 10 492 41 -1l <0-001 
(9) Hypophysectomy+Growth 17 350 37 — <O0Ol* 17 514 48 - 7 <001 

<0-01* 


(e) Growth hormone prevents loss of weight in hypophysectomized 
animals, Narrowing of the aorta also causes a loss of body weight both in 
hypophysectomized and normal rats, in neither case is this prevented—though 
it may be somewhat diminished—by injections of growth hormone. 
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Table 2 shows the comparative part played by the atria and right and left 
ventricles in the observed weight changes of the whole heart. The first five lines 
indicate that the right ventricle and the atria take no part in the changes 
described and that the hypertrophy caused by narrowing the aorta is exclusively 
of the left ventricle. Thus while there is, in 5 days, a 25% weight increase 
calculated for the whole heart, this really means a 38% weight increase of the 
left ventricle, with no change in the other chambers. Hypophysectomy (line 6) 
causes an approximately equal loss of weight in all parts of the heart. A com- 
parison of groups 6-9 shows that the changes occurring in the heart weights of 
hypophysectomized rats (due to growth hormone treatment or narrowing) also 
affect only the left ventricle. The small changes seen in the heart weights of 

these groups in Table 1 are thus in reality changes in the left ventricle only. 

The weight of the left ventricles of group 9 practically reaches normal value, 
and the whole of the 7% atrophy—shown by the weight of the whole heart— 
_ is in fact atrophy of the right ventricle and the atria. 


Figures for percentage dry weight show that the observed weight changes 
are not simply due to differences in the water content of the tissues. 


TaBxE 3. Mean blood pressure of experimental groups in mm. Hg. Armour’s powdered 
hormone, 100 yg. (intraperitoneal) daily. 152-190 g. male rats aie 

n=number of cases. 
#=mean value. 
o =standard deviation of individual 
P=probability, calculated by ‘t’ test. 
*=comparison is made with group 6. 
t =comparison is made with group 7. 
¢=comparison is made with group 8. 


(1) Normal 27 
(2) Normal +Growth hormone 19 121 ll — 
(3) Normal + Narrow 10 149 16 <0-01 
(4) Normal +Growth hormone 1s 160 i <0-001 
+ Narrow 
(6) Hypophysectomy 15 <0-001 
(7) Hypophysectomy+Growth 10 97 «8614 <0-01 
hormone <0-01* 
(8) Hypophysectomy + Narrow 9 10 
(9) H ysectomy+Growth 17 124 £10 <0-001* 
ormone + Narro <0-001T 
| <0-001f 


Table 3 gives the blood pressures of the different groups. Narrowing of the 
aorta causes a rise of 26 mm. Hg in the mean arterial pressure of rats, whereas 
hypophysectomy causes a decrease of 46 mm. Hg. Narrowing of the aorta 
raises the blood pressure of the hypophysectomized rats by 23 mm. Hg (i.e. 
from 77 to 100 mm. Hg) and growth hormone treatment causes a rise of 20 mm. 
Hg. The effects of the two procedures again appear to be additive, since when 
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both operate simultaneously the increase in blood pressureis equivalent to 47 mm. 
Hg, i,e. the blood pressure is restored to the level found in normal animals. 
Fig. 1 shows the mean weights (and their standard deviations) of the endo- 
crines: suprarenals, thyroids and testes. These are significantly below the 
normal level in all hypophysectomized groups. It is an interesting point that 
the suprarenals of normal rats with narrowed aortae (group 3) are larger than 


0- 
Fig. 1. Weights of endocrine glands in different experimental groups. Columns give mean weights, 
the dotted lines showing their standard deviation. Groups are the same as in the tables. 
those of their normal non-narrowed controls (group 1). Though this increase 
is small and statistically insignificant, it is worth mentioning, because we 
consistently found it in our earlier experiments (Hajdu & Beznék, 1943, 
unpublished). | 
Second series: ‘ Antuitrin Growth’ (Parke, Davis and Co.) 
Table 4, compared with Table 1, shows that the heart weights change in 
essentially the same manner, whether Armour’s growth hormone or Parke 
Davis’s ‘Antuitrin Growth’ was used. 
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Tasxz 4. The wet weights of whole hearts in different experimental groups. ‘Antuitrin Growth’ 
(Parke, Davis and Co.), 3 ml. (intraperitoneal) daily. 205-238 g. male rate 
Heart wt.=mean heart weight+standard deviation of individual data. 
n=number of rats. 
°% =percentage changes, as compared to normal. 
P =probability, calculated by ‘t’ test. 


* =comparison is made with group 6. 
Heart wt. 
Groups mg n % P 
1) N 684147 13 
(2) Normal + Growth hormone 717435 + 5 >01 
(3) Normal + Narrow 795 +70 6 +17 <0-005 
Normal +Growth hormone 847+79 8 +24 <0-001 
+ Narrow 
(6) Hypoplaysootom <0-001 
(6) y 
(7) +Growth 611451 11 <0-005 
hormone =0-05* 
(8) Hypophysectomy + Narrow 609 +51 1] 
(9) Hypophysectomy+Growth 63141 6 - 8 <0-05 
hormone + Narrow =0-02* 


Other detailed figures of this series are omitted as they agreed in every way 
with those observed when Armour’s growth hormone was used, i.e. distribution 
of the weight changes between the different parts of the heart, their dry-matter 
content and the changes in blood pressure were all similar. The only difference 
in the two sets of results was that when normal rats were injected with ‘ Antui- 
trin Growth’, a suprarenal-hypertrophy resulted. Treatment with the control 
solution had no such effect. 

DISCUSSION 


It is obvious from the above results that the decrease of the weight of the heart 
after hypophysectomy is not a mere consequence of the loss of body weight. 
Rats which lost 20 g. body weight in 5 days due to decreased food intake (group 5) 
had a normal heart weight, i.e. the quick loss of body weight was not at once 


accompanied by a corresponding:loss in the heart weight. This seems to be in | 


contradiction to the results of Walter & Addis (1939). These authors established 
the body weight: heart weight relationship in a very large number of normal 
rats and found this ratio unaltered in rats subjected to complete starvation for 
7 days. Thus the loss in heart weight corresponded to the body weight lost 
during the same time. No data are given about the actual loss of body weight, 
but it must have been much greater than that of our reduced-diet rats. Also 
it must be borne in mind that our rats were effectively supplied with water 
ad lb., since the amount consumed by them was much smaller than that of 
their hypophysectomized pairs. The differences in the experimental set-up 
may, therefore, to some extent explain the discrepancy of the results. 

One of the problems raised by these experiments is whether the atrophy and 
absence of hypertrophy of the heart and the low blood pressure found in hypo- 
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physectomized rats is due to the lack of a pituitary hormone which acts directly, 
or whether these effects are secondary consequences of a lack of some other 
endocrine products. 3 

It is known that thyroidectomy also causes an atrophy of the heart (McQueen- 
Williams & Thompson, 1940), but Beznak & Hajdu (1944 b, 1946) have shown 
that the heart is able to hypertrophy in thyroidectomized rats. Besides, in the 
present case, the thyroids only showed an atrophy of about 20%. The weight 
of the left ventricle and the blood pressure of groups 7, 8 and particularly 9 are 
higher than those of their control group 6. Yet the atrophy of the thyroids, due 
to hypophysectomy, is no less in these groups. These considerations make it 
unlikely that an indirect effect through the thyroids could be responsible for 
the changes in the heart weight after hypophysectomy. 

_ A possible action through the suprarenals has to be considered next. Selye 
& Hall (1944) found large hearts and hypertension in rats treated for a long 
time with large doses of desoxycorticosterone acetate. In our case the supra- 
renals showed a 47%, atrophy 5 days after hypophysectomy and it is known 
that the blood pressure of adrenalectomized rats is low. It is also known, 
however, that the low blood pressure of hypophysectomized rats cannot be 
completely restored with suprarenal extracts, though an increase takes place 
(Leathem & Drill, 1944). From experiments now in progress it seems that the 
heart atrophy of hypophysectomized rats also cannot be prevented by treat- 
ment with suprarenal extracts. Tre2tment with growth hormone, on the other 
hand, though unable to prevent completely the heart atrophy, does seem to 
diminish the atrophy of the left ventricle and concomitantly the blood pressure 
is also somewhat higher. Rather (1949) found that heart hypertrophy caused 
by a Grollman operation (unilateral nephrectomy and compression of the 
other kidney) was still present, though reduced, in rats 10 days after supra- 
renalectomy. Thus it seems that the heart does not at once lose its ability to 
hypertrophy even after complete suprarenal extirpation. It seems, therefore, 
unlikely that. the atrophy of the suprarenals could be the only cause of the 
heart changes in hypophysectomized rats. As, however, the question cannot 
be considered to be decided from the data available at present, experiments are 
now in progress to clarify the role of the suprarenals. 

Little is known about the way in which the atrophy of the heart and the low 
blood pressure is produced in hypophysectomized rats. One possibility would 
be that hypophysectomy, decreasing the tone of the pre-capillaries, decreases 
the peripheral resistance. The heart, having to work against this smaller per!- 
pheral resistance, has less work to do and, therefore, an atrophy takes place. 
This is possible, because it was shown (Baznék & Hajdu, 1944 a, 1945) that— 
at least in the rat—the heart weight quickly adapts itself to the demands of 
the circulation. It is also known from the work of Chanutin & Barksdale (1933) 
that there is a high correlation between the heart weight: body weight >it 
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the width of the fibres of the left ventricle and the blood pressure. The other 
possibility is that the peripheral resistance remains practically unaltered in 
hypophysectomy, but the heart is unable to keep up its normal outputagainst 
this resistance, which becomes relatively too great for its working capacity. 
In the first case the lack of the pituitary would affect primarily the pre-capil- 
lary tone, in the second the working capacity of the heart. Naturally a com- 
bination of the two effects has also to be considered. Although the decreased 
effect of pressor substances (pitressin, BaCl,, splanchnic stimulation, etc.) 
both after adrenalectomy and hypophysectomy have been described by many 
authors, very little is known about the mechanism of this decrease. Fowler & 
Cleghorn (1942) found in adrenalectomized cats that the diminution or lack of 
a pressor effect after some of the above stimulants was not due to a lack in the 
increase of the peripheral resistance. From the circumstance that there was no 


_ hypertension, in spite of a normal increase in the peripheral resistance, they 


concluded that the lack in the rise of the blood pressure was due to an inade- 
quate response of the heart to the increased peripheral resistance. Their results, 
however, only prove that the peripheral resistance could be raised, but not that 
it was normal. Bearing in mind that even this evidence, pointing to the primary 
role of the heart, was obtained in adrenalectomized cats, we must conclude 
that the question raised in this paragraph can only be decided by further, 
more direct experiments. | 
Concluding, it follows from these considerations that the low blood pressure, - 
the atrophy of the heart and its inability to hypertrophy after hypophysectomy, 
are most probably due to the absence of a direct action of a pituitary hormone 
and cannot be entirely explained by a secondary effect due to the atrophy of 
suprarenals and thyroids. As to which hormone of the pituitary may be re- 
sponsible for the observed effects, the present paper gives results with two 


growth hormone preparations. The experiments show that though the lack of 


growth hormone may play some role in the changes of heart weight and blood — 
pressure seen in hypophysectomized rats, it is not the only factor involved. 


SUMMARY 


1. After narrowing of the aortae of rats just below the diaphragm, the 
heart shows a 25% hypertrophy in 5 days. This hypertrophy is entirely ac- 
counted for by the left ventricle (38% hypertrophy), the right ventricle and 
atria taking no part in it. | 

2. The weight of the hearts of hypophysectomized rats decreases by 17% in 
5 days; all parts of the heart lose weight about equally. | 

3. If the rats are hypophysectomized simultaneously with the narrowing, 
there is no heart hypertrophy, though the atrophy caused by the hypophys- 
ectomy is slightly reduced (11% instead of 17°%). | 


oF 


PITUITARY AND CARDIAC HYPERTROPHY — 83 


4. Growth hormone (100 yg. purified powdered growth hormone, Armour, 
or 3 ml, ‘Antuitrin Growth’, Parke, Davis and Co., daily) has practically no 
influence on the heart weight of normal rats, whuther their aortae are narrowed 
or not. But the heart atrophy of hypophysectomized rats is reduced (10% 
instead of 17%) by the growth hormone treatment. If growth hormone is 
given to hypophysectomized and ‘narrowed’ rats, the weight of the left 
ventricles reaches the normal, non-narrowed level. 


5. The blood pressure changes closely parallel those in the weight of the 
heart and particularly the left ventricle. It is increased in normal narrowed 
rats, whether growth hormone be given or not. It is low in hypophysectomized 
rats. After growth hormone treatment or narrowing it is higher than in merely 
hypophysectomized rats, but lower than in normal ones. In hypophysectomized 
rats which are both narrowed and growth hormone treated, it reaches—as does 
the weight of the left ventricle—the normal, non-narrowed level. 

6. The observed changes in the weight of the heart affect their water and dry- 
matter content equally. 


7. The possible mechanism and the ways in which hypophysectomy may 
bring about the described effects, are briefly discussed. 


My thanks are due to the Medical Research Council for a grant which also defrayed part of the 
expenses of the work. 

I wish to thank Prof. H. P. Gilding for his hospitality and interest in this work, Dr A. B. L. 
Beznak for his suggestions and criticism and Dr M. E. Nutt for her help in the English text. 
I enjoyed the technical assistance of Miss Barbara E. Taylor and in some earlier experiments 
that of Mr G. H. Taylor. 

Grateful acknowledgement is made for a gift of purified growth hormone by Messrs Armour and 
Co., Chicago. 


REFERENCES 


Anderson, E., Page, E. W., Li, C. H. & Ogden, E. (1944). Amer. J. Physiol. 141, 393. 
Beznak, M. & Hajdu, I. (1944a). Orviud. Kézl. no. 14. 

Beznék, M. & Hajdu, I. (19445). Orvtud. Kézl. no. 35. 

Beznék, M. & Hajdu, I. (1945). Schweiz. med. Wechr. 75, 300. 

Bezndk, M. & Hajdu, I. (1946). Schweiz. med. Wechr. 76, 390. 

Chanutin, A. & Barksdale, E. E. (1933). Arch. intern. Med. 52, 739. 

Fowler, J. L. A. & Cleghorn, R. A. (1942). Amer. J. Physiol. 187, 371. 

Hajdu, I. & Beznak, M. (1943). Orvtud. Koz. no. 19. 

Hajdu, I. & Bezndk, M. (1945). Schweiz. med. Wechr. 75, 665. 

Leathem, J, H. & Drill, V. A. (1943). Amer. J. Physiol. 189, 17. 

Leathem, J. H. & Drill, V. A. (1944). Endocrinology, 35, 112. 
McQueen-Williams, M. & Thompson, K. W. (1940). Yale J. Biol. Med. 12, 531. 
Ogden, E., Page, E. W. & Anderson, E. (1944). Amer. J. Physiol, 141, 389. 
Page, E. W., Ogden, E. & Anderson, E, (1946). Amer. J. Physiol. 147, 471. 
Rather, L. J. (1949). Amer. J. Physiol. 159, 153. 

Selye, H. & Hall, C. E. (1944). Amer. Heart J. 27, 338. 

Smith, P. E. (1930). Amer. J. Anat. 45, 205. 

Walter, F. & Addis, T. (1939). J. exp. Med. 69, 467. 

Wyman, L. C. & tum Suden, ©. (1934). Amer. J. Physiol. 109, 115. 


ner 4 
in 
ity. q 
pil- 
sed 
tc.) 
4 
r & 
c of 
the 
no 
hey 
alts, 
hat q 
ude 
her, 
2, 
my, 
Lone 
yo | { 
> 
two 
k of 
ood : 
the 

‘ 
and : 
in 
ohys- 
6—2 


J. Physiol. (1952) 116, 84-97 


THE PASSAGE OF DIGESTA FROM 
THE ABOMASUM OF SHEEP 


i 

: By A, T. PHILLIPSON 

i From the Rowett Research Institute, Bucksburn, Aberdeenshire* 
(Received 7 June 1951) 


It is frequently stated that the passage of food through the stomach of the 
ruminant is a continuous process and this conception is based on the fact that 
J normally food is always found in all parts of the stomach after slaughter, even 
t after a 24 hr. fast. Studies on the rate of disappearance of stained particles 
i from the rumen and their appearance in the faeces can be explained on this 
| assumption while the well-known continuous cycle of contraction of the stomach 
pouches suggests continual mixing and propulsion of food. There is no informa- 
‘ tion, however, on the quantities of food passing from the stomach—whether it 
stops completely at intervals through the day and night—or on the manner in 
which the rate of passage is influenced by feeding or rumination. The experi- 
ments to be described were undertaken in an attempt to assess the quantity of 
food leaving the stomach of sheep maintained on constant rations and to 
study the flow of food residues to the intestines. 


METHOD 


The flow of food from the abomasum was measured directly by diverting the flow outside the body 
- through a cannula. 
Permanent exteriorization of the flow was achieved in one sheep. This method was based on a 
technique described by Markowitz (1949) for the exteriorization of the flow of digesta along the 
small intestine of the dog. The duodenum was sectioned approximately 1} in. below the pylorus 
and the two cut ends were closed by continuous sutures involving the mucosa and submucosal 
t tissues. The closed ends were then inverted and buried by a further continuous suture. An ebonite 
cannula was inserted into the pyloric part of the abomasum and another into the duodenum. 
These were exteriorized through stab wounds in the abdominal wall, on either side of the operation 
wound, so that each cannula was an equal distance from the vertebral column of the sheep. The 
operation wound was then closed and the two cannulae joined by a glass tube bent at each end to fit 
the shafts of the two cannulae to which it was joined by rubber tubing. 

One sheep in which the flow df food from the abomasum to the duodenum was permanently 
exteriorized was maintained in good condition for 8 weeks after the operation. After this time its 
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appetite deteriorated and the experiment was terminated. Subsequent attempts to exteriorize the 
flow in this way failed and other means of achieving this end were sought. 

The first modification was to insert the cannulae into the pyloric part of the abomasum and into 
the duodenum without dividing the duodenum. No difficulty was encountered in collecting food 
from the abomasal cannula but the pylorus proved to be an ineffective barrier in preventing back- 
flow of food from the duodenum to the abomasum, so that food once collected could not be reintro- 
duced into the duodenum without some reappearing from the abomasal cannula. 


Fig. 1. A sheep fitted with three cannulae into the duodenum is shown above. An enlargement of 
the cannulae in situ is also shown. This animal, sheep no. 2, has lived normally for 2 years after 
the operations. A diagram of the stomach and duodenum is shown and the sites of cannulae 1, 
2, and 3 are marked, The dotted line represents the line of the last rib and the costo-chondral 
arch. The drawings of the cannulae are one-half the size of those used. Straight cannulae 
(A) are inserted in positions 2 and 3; the curved cannula (B) is inserted in position 7. Diagram 
C shows the curvatures of the inner collar of each cannula. 


The final method (Phillipson, 1948) is illustrated in Fig. 1. A curved cannula was inserted into 
the duodenum immediately caudal to the pylorus (1). Two more cannulae (2 and 3) were inserted 
into the lower part of the duodenum beyond the common opening of the bile and pancreatic ducts 
7-10 days later. These operations did not affect the well-being of the sheep, which, with one excep- 
tion, maintained their usual appetite and lived a normal life. A pyogenic infection was the cause 
of the one sheep’s failure to make a satisfactory recovery. 
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Three factors had an important influence on the results of these operations. The first was the 
of the cannulae. In the early operations ebonite cannulae were used in which a threaded 
t united the shaft with the internal collar; this joint did not prove strong enough to prevent 
breakages. Subsequently Perspex cannulae were used with welded joints and these were satis- 
factory. The second was that the abdominal wall of the sheep is thin in the lower parts of the 
abdomen and in some animals a hernia-like swelling appeared at the site of the lower incision. This 
was not due to rupture of the abdominal muscles but rather to loss of tone of the muscle layers 
where they had united. The third was that after a cannula had been present in the duodenum for 
some months the internal collar sometimes formed a diverticulum in the wall of the duodenum, 
and the mucosa gradually grew over it so that free access to the lumen of the gut was hindered and 
ultimately lost, This occurred only when fhe cannula was inserted into the first part of the duo- 
denum, Occasionally the cannulae became blocked by solid food which had dried up, or by hard 
- mineral deposits. These could be removed mechanically. 

Some of the animals uséd in these experiments were fitted with a cannula in the rumen. Sheep 
prepared in this way have been used for measurements of flow over short periods of 14 hr. and also 
for long experiments lasting 10-12 hr. All three cannulae were opened during short-term collections 
and any material that flowed from them was collected, measured and sampled. In the large 
majority of instances all food flowed from cannula J, shown in Fig, 1. Small quantities of bile, 


pancreatic and duodenal juices flowed from cannula 2 and nothing from cannula 3. If any food — 


passed cannula J it appeared from cannula 2 and indicated obstruction in cannula 1. This could be 
rectified by clearing cannula J but ir? one sheep food always appeared at cannulae J and 2. The 
procedute during long-term collections consisted of inserting a small balloon into cannula 2 and 
inflating it sufficiently to close the lumen of the duodenum in a similar manner to that described 
by MacDonald (1948). Food was collected from cannula J, and after measuring and removing a 
sample it was reheated to body temperature and reinserted slowly.into the duodenum through 
cannula 3 after it had been stained by adding small quantities of Evans Blue. This was done so that 
if any succeeded in passing the balloon in an oral direction it would be noticed and avoided if it 
reappeared at cannula J. This was an important precaution, for the balloon was not easily adjusted 
so that it closed the lumen of the intestine. | | 

Movements of the rumen and reticulum were recorded by balloons attached to rubber tubing 
which were passed into these organs through a rumen cannula. The balloon was lightly inflated and 
the tubing attached to water manometers as previously described (Phillipson, 1939). Records of 
the volume of food passed from the abomasum to the duodenum were recorded by means of a large 


RESULTS 
‘Permanent exteriorization of the duodenal flow 
These measurements were made on the 14th, 15th and 22nd days after the 
operation. The experimental sheep consumed its food satisfactorily until 3 weeks 
had elapsed, but after this time the amount of food eaten decreased and this is 
shown in the measurements recorded. The tube connecting the two cannulae was 
kept under close observation between the dates of the operation and the measure- 
ments and when necessary it was removed and cleaned. Blockage occurred when 
the food contained cereal offals and for this reason hay alone was fed. 

The animal, which was accustomed to being handled, was placed in a cage; 
the connecting tube was removed and the tubing was fixed to each cannula. 
The tubing from the abomasal cannula led to a measuring cylinder while a 
funnel was attached to the tube leading to the duodenum so that material 
collected from the abomasum could be reintroduced gently into the duodenum. 
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‘made and the quantities collected are given in Table 1. 
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TaB.e 1. Volume of food passed from the abomasum 
“Duration of Total quantity Average volume 


Experiment experiment collected passed per hr. 
(hr) (ml) (al) 

1 7 2720 ‘389 

2 8 3525 441 

3 5 1075 215 


2 3 4 5 6 7 


Hours 
() 
2. The: gnientinies sédlecbed te 15 min. intervals from the abomasum of a sheep in which the 
Be: flow to the duodenum was permanently exteriorized. The arrows joined by a horizontal line 
indicate the period during which abomasal contents were introduced into the duodenum. 


When the abomasal cannula was first opened a quick gush of food flowed through 
it. This was reintroduced into the duodenum and its volume was not included 
in the volumes subsequently passed per unit of time. Three collections were 
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Food passed from the abomasum at frequent intervals throughout the periods 
of collection except for a period during the first experiment when very little 
was collected for a considerable period. Each time food was reintroduced into 
the duodenum the volume, collected during the subsequent period was reduced 
or ceased completely for 15 min. or more. The actual course of the first two 
experiments is shown in Fig. 2a and 6. 


This method has the serious disadvantage that the inflation of a small 
balloon in the duodenum reduces the output from the abomasum. There is no 
evidence to show whether the inhibiting effect of reintroducing food into the 
duodenum is due to the volume of the material in the duodenum, to the pressure 
it exerts, or to its chemical properties, such as the acidity of the material. 
Inflation of a small balloon, however, increased intra-lumenal pressure in only 
a small area, and still reduced the flow from the abomasum. This is shown by 
the data given in Table 2. 


TaBLE 2. Quantities collected from the first duodenal cannula in 30 min. intervals with and 
without the presence of a balloon in the lower duodenum 


30 min. Series 1. Series 2 Series 3 Series 4 
intervals (ml.) (ml.) (ml.) (ml.) 
0-30 645 435* 765 690 
30-60 305* 415 270* 235* 
60-90 370 360* 305 305 


In many of the experiments the quantity collected during the first period 
exceeded those of subsequent periods; this was more marked in some sheep than 
others. The four periods of collection given in Table 2 were made on the same 
sheep (no. 478), and it is clear that the presence of the balloon reduced the 
flow. 

Owing to the inhibitory influence of the balloon the results of long collections 
extending over 10-12 hr. represent a flow that is less than normal. Even so 
the information obtained is of value for it is better to know a lower limit than 
no limit at all. ; 

The course of events during four collections are illustrated in Fig. 3. The 
quantity passed from the stomach per hour tended to diminish with time, 
although in each experiment there was a marked response to a feed of meals 
but little response to a feed of hay. 

The inhibitory effect of reintroducing food into the lower part of the duodenum 
was the same in these experiments as in those found on the first sheep. 

The total quantities collected are shown in Table 3 and the average amount 
of food passed per hour from the duodenum under these conditions varied from 
309 to 413 ml. In Exp. 5 the rate of flow was poor and after 6} hr. the balloon 
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} was removed; the immediate response to this was that the flow recommenced 
and was maintained at a higher rate than in any of the previous experiments. 
This provides a striking confirmation of the inhibitory effect of local pressure 
in the lower part of the duodenum upon the rate of passage of food into the 
upper part. | | 


o 8888 8 


noon 
Time (hr.) 


Fig. 3. The quantities collected per hour from the duodenum through cannula J. The sheep were 
fed at 7 a.m., 11 a.m., and 4 p.m. The first and last feeds consisted of hay; the main feed 
consisted of a mixture of meal given in Table 4. Collections from sheep 2 are marked by A, 
O or §. Collections from sheep 494 are marked by @. 


TaBtz 3, The quantities of food collected from the duodenum over periods of 6-12 hr. 
Duration of Total quantity Average quanti 
collection collected 


Experiment _(hr.) (ml.) (ml.) 
1 ll 4086 371 
2 12 3751 313 
3 10} 3485 329 
) 4 10 4126 413 
5 {if 


* Indicates period during which balloon was removed from duodenum. 


Temporary exteriorization of the flow for short periods | 
A large number of collections lasting 14 hr. was made in which no balloon was 
} present and during which no food was returned to the duodenum. The quantities 
passed during these collections were much larger and the rate of flow was 
steady in most instances throughout the whole period. In one sheep, no. 478, 
the flow always diminished with time; this was not a constant finding with the 
other sheep, indeed the flow during the second half of the experimental period 
often exceeded that of the first. The results are shown in Table 4. 
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Taste 4, Volume of food passed from the duodenal cannula during measurements lasting 1} hr. 


Quantities collected/hr. Food 
7 No. of Variation Average Meals 
Sheep measurements (ml.) (ml.) (g-) 
1 9 1504-1864 1608 1800 225 A 
1 5 797-1157 1038 2025 — 
1 4 643-889 798 1012 a 
2 12 657-1277 988 600 600 A 
2 16 667-1130 818 600 600 B 
2 8 470-1017 783 1200 —_— 
4 10 583-1030 877 900 225 A 
4 11 483-672 589 900 225 B 
12 4 467-800 626 600 600 B 
478 17 657-1025 823 900 225 A 
478 7 650-950 735 780-880 —_— 
494 10 623-940 796 900 225 A 
495 10 643-930 794 900 2264 
A=Maize meal 2 parts B=Ground maize 4 parts 
Crushed oats 1 part Crushed oats 1 part 
Wheat bran 1, 
Linseed meal 
Fish meal 


These values given for the quantity of food passed to the duodenum per hour 
are undoubtedly greater than the physiological rate of passage, for no food 
entered the lower part of the duodenum or the small intestines. They serve two 
purposes; they set a maximum limit to the quantity of food passed from the 
stomach and they indicate that there is variation in the quantities passed by 
the same sheep when equal quantities of different feeds are given. Sheep 1 was 
examined first at Cambridge where it passed approximately 800 ml./hr. when 
maintained on a hay ration. After its arrival in Aberdeenshire its appetite 
increased until it ate far more food daily than local sheep. The increase in 
appetite was reflected in the amount of material collected from the duodenum. 

Comparison of the values found for sheep 1, 2, and 4 shows clearly that when 
the ration consists of hay and meals greater volumes of material pass to the 
duodenum than when the ration consists of hay alone. In addition a comparison 
of the values found for sheep 2 and 4 suggests that different mixtures of meals 
are also associated with different volumes passed to the duodenum, for mixture 
A produced larger volumes than mixture B (see Table 4). 


The continuity of the flow 
The contents of the abomasum of sheep after slaughter rarely sietiied 800 ml. 
and for this reason it is impossible to account for the quantities collected during 
1} hr. or for longer periods as representing only the material already present in 
the abomasum. Passage of food from the anterior parts of the stomach must 
have continued during these experiments. Tracings of the pressure changes 
occurring in the reticulum and rumen during collections from the abomasum, 
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an example of which is given in —- 4, show that the normal cycle of movement 
continued unimpeded. 


Fig. 4. The lower tracing shows the pressure changes occurring within the rumen; the middle 
tracing shows the pressure changes occurring in the reticulum, while the upper tracing shows 
the-volume of material passed from the duodenal cannula J. The white line traversing the 

pressure tracings from the reticulum is the base line of the volume recorder. Time in 30 sec 
iotecetia the larger excursion representing 60 sec. intervals. 


Fig. 5. Lower tracing is taken from the rumen, the middle from the reticulum and the upper from 
the volume recorder. & represents the start of rumination. Time in 30 sec. intervals. 


- Records of the volume of material collected were also made. Food flowed 
from the duodenal cannula at regular intervals except for periods of 15 or even 
30 min. which occurred at unpredictable intervals and in which no material 
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was collected (Fig. 5). Cessation of flow bore no-close relation to the movements 
of the reticulum and rumen. This cycle of movement never stops although its 
frequency alters particularly with feeding (Fig. 6); and although in some in- 
stances a low frequency was associated with a low flow from the duodenum or 
with cessation of flow a close examination of all the records shows that the 
relationship, if it exists, is of minor importance compared with other factors 
affecting the flow. : 


~ 


Fig. 6, The upper tracing is taken from the reticulum and the lower from the rumen. The arrow 
indicates the reintroduction of food into the duodenum. Time in 30 sec. intervals. 


Short-term collections of 14-2 hr. have been made from 8 a.m. to 1 a.m. at — 
different times and quantities comparable to those given in Table 4 were 
collected so that there is reason to believe that the passage of food from the 
_ stomach to the duodenum continues, with only short periods of rest, for at 
least 17 out of the 24 hr. | 


The effect of feeding and of rumination , 

The influence of feeding was not constant. A feed of hay often decreased the 
volume collected during the succeeding period. The length of the depression 
was variable but it seldom exceeded 15 min. and was usually less; after this 
period the flow returned to its previous level and often exceeded it. Similar 
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- immediate responses were noted after feeding meals but the subsequent effect | 


was to increase the quantity collected. This is clearly illustrated in Fig. 3. 
Rumination was associated with a steady flow of material from the duodenum 
which started soon after rumination commenced. The quantities passed were not 
in excess of those previously collected, but their appearance was more rhyth- 
mical for some passed from the cannula (on occasions only a few drops, but at 
fairly regular intervals after regurgitation) before the bolus was swallowed. 
The time relation and continuity of these observations are given in Table 5. 


Taste 5. The relation between the appearance of food from the duodenal 


cannula and the stages of rumination 
a=interval betw itations and the appearance of food. b = interval between appearance 
food and ¢x:interval between swallowing and regurgitation. Time in seo. 
Example 1 Example 2 Example 3 
‘a b b 
20 31 7 — 8 5&5 0 3 16 
23 6 31 2% 656 — 81 
22 6 56 83 6 
22 4 —- — 8 4 
16 38 12 #32 08 56 —- & — 


The sequence of events was occasionally broken by the failure of food to pass 
to the duodenum and sometimes this was observed several times in succession. 


An estimate of the quantity of food passing to the duodenum 
under normal conditions 

The direct measurements made of the quantities of food passing to the 
duodenum can only be accepted as setting a lower and an upper limit to the 
probable quantities passed in the normal sheep. The inclusion of a marker in 
the food appears to be the most suitable method of obtaining a measure of the 
true flow but the problem of finding a suitable marker has yet to be solved. 
Materials such as barium sulphate and iron oxide tend to settle out of the food 
especially in the rumen. Theoretically an inert part of the food would be the 
most suitable marker and for this purpose lignin has been used, but as its 
chemical constitution is not fully understood its estimation is empirical and the 
results controversial. 

When hay is fed estimates of food residues are a possible way of obtaining 
a value for the material flowing along the duodenum, for most of the digestion of 
hay occurs in the rumen. Food residues were separated from samples of 500 ml. 
of duodenal contents by allowing them to settle through a column of water. 
A glass tube 4 ft. long with a diameter of 2 in. was used. The lower end was 
fitted by a ground-glass joint to a glass jar with the capacity of a litre. A stop- 


ts 
aa 
% 
= 
a 
7 
. at 
vere 
the q 
KA 
the 
s10n 
y 
hi 
this 
“4 
a 
‘ 


} 

j 
ue 

fe 


94 A, T, PHILLIPSON 


cock was fitted to the glass tube immediately above the glass joint. The ground- 
glass joint was sealed with a thick layer of heavy tap grease and the whole 
apparatus was filled with water except for a space at the top of the tubing 
which was sufficient to contain 500 ml. A 500 ml. sample of duodenal contents 
was poured into this space and the food residues were allowed to settle for 
18 hr. The supernatant fluid was removed through the stopcock and the re- 
mainder was removed by suction. The residue was resuspended in 500 ml. of 
water and allowed to settle again through the 4 ft. column of water. This 
process was repeated three times and the residue was finally dried and weighed. 
A sample of the supernatant fluid was collected after each 18 hr. period and the 
fine particles in it were allowed to settle for a further 24 hr. The fine sediment 
thus obtained was dried, weighed and the total calculated. 

- This method removed soluble material and microscopic examination of the 


- coarse sediment showed that relatively few bacteria remained attached to the 


large plant particles. An appreciable amount of bacterial debris was present in 
the fine sediment which developed on allowing the suspension to settle for 24 hr. 

The faeces of the sheep were collected every 24 hr. and a 100 g. sample was 
mashed into an even pulp with water, the final volume being adjusted to 500 ml. 
The same procedure was then followed as that used for duodenal contents. 

The quantities of dried residues obtained from sheep maintained on a diet of 
hay alone are given in Table 6. It can be seen that the coarse residues are 4-5 
times greater than the fine residues of the duodenal contents but they are 
approximately 10 times greater with the faeces. 


TasBz 6, The quantities of coarse and fine food residues in duodenal contents and faeces 


Duodenal contents Faeces 

Coarse food Fine food "Coarse food Fine food: : 

residues residues Total residues residues # Total 
(g-/100 ml.) (g./100 ml.) (g./100 ml.) (g./100g.) (g./100g.) (g./100g.) 

2-84 0-59 3-43 28-84) * 4 : 31-64 
256 052 3-08 27-20 3-66 sone 

2-77 0-56 3-33 30-04 34-10 
2-16 2-66 30-79 2-67 

° 2-54 0-45 2-99 28-68 2-55 31-22 

2-70 0-50 3-20 27-18 3-18 30-36 

2-22 0-48 2-70 
* Duplicate samples. 


The quantity of moist faeces passed by this sheep over a period of 4 month 
varied from 955 to 1105 g. daily, the average figure being 1043 g. The average 
quantity of food residues passed in the faeces was 31-8 g./100 g. faeces which 
gives a total of 332 g./24 hr. 7 

The average quantity of food residues in duodenal contents was 3-1 g. and 
this, when divided into the daily quantity passed in the faeces, suggests that 
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not less than 10-7 |. of food passed through the duodenum of this sheep when 
it was eating 1200 g. of hay daily. This estimate does not allow for further 
digestion that occurs in the intestine, but of the two principal constituents fed, 
namely cellulose and the pentosans, the quantities disappearing i in the intestine 
are small compared to the quantities disappearing in the rumen. 


DISCUSSION 


It has been known for a long time that if the digesta leaving the stomach of the 
Wog are allowed to flow from the duodenum through a cannula the stomach 
empties more rapidly than normally. The reintroduction of the digesta so 
obtained into the intestine beyond the duodenal cannula produces a normal 
emptying time of the stomach (Alvarez, 1928). The experiments recorded here 
show that the same principle is true for the sheep, for the reintroduction of the 
material collected from the abomasum or first part of the duodenum into the 
lower part of the duodenum reduced the rate of flow from the abomasum. For 
this reason it is obvious that the quantities of digesta flowing from the upper 
part of the duodenum during short collections were greater than normal as none 


of the material was reintroduced into the intestine again. Distension of the 


duodenum or small intestine of the dog inhibits the movements of other parts 
of the alimentary tract (Pearcy & van Liere, 1926; Youmans, Meek & Herrin, 
1938) while distension of the abomasum of sheep inhibits the movements of 
the reticulum (Phillipson, 1939). The use of a small balloon to prevent back-flow 
of the reintroduced food also reduced the rate of passage of digesta from the 
abomasum to the duodenum as could be expected from previous work on dogs 
and for this reason the rate of flow during long collections when this device was 

employed was less than normal. | 

These experiments, however, serve the purpose of setting limits to a measure- 

ment which it is important to know. The average value for long-term collections 
was approximately 350 ml./hr., while the average figure for short-term col- 
lections was approximately 800 ml./hr. The true range of values lies between 
thesetwo extremes and the calculations based upon the food residues support this 
statement for they show that for the sheep concerned, which weighed approxi- 
mately 60 kg., the flow was not less than 440 ml./hr. An assessment of the small 
quantities of cellulose and pentosans digested in the intestine indicates that the 
true figures for this sheep would be approximately 500 ml./hr. The most exact 
data were obtained from the first sheep of this series in which over two 8 hr. 
periods the rates of flow were 389 and 441 ml./hr. while the sheep retained its 
normal appetite. In this animal all the digesta collected, except for the small 
quantities retained as samples, was returned to the duodenum so that the 
emptying of the abomasum was, — normal. This sheep weighed 
approximately 40 kg. 
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The mechanism governing the flow of food into the abomasum is as important — 


as that governing the outflow from the abomasum to the duodenum. This 
mechanism is not yet understood and so it is impossible to find out whether it 
is influenced by the quantities of food in the duodenum and small intestines. 
In these experiments no apparent correlation was observed between the rate 
at which digesta flowed from a cannula in the pyloric part of the abomasum and 
the frequency of contractions of the reticulum and rumen. The regular cycle of 
movement in the reticulum and rumen suggests that the passage of food from the 
reticulum to the omasum occurs at a definite stage in the cycle. This is supported 
by the fact that, in the cow, pressure changes that have been recorded from the 


interior of the omasum are as regular as those in the reticulum and rumen and 


are related to them in time. There appear to be two possible explanations to 
account for the fact that flow from the abomasum may cease for as long as 
15 or 30 min. after a feed of hay. The first is that passage of food into and through 
the omasum is independent of the movements of the reticulum; the second is 
that the entry of food into the omasum is governed by its consistency. A 
relation between consistency and the flow of food was found in long collections, 
for after the sheep was fed on millers’ offals and other fine meals the rate of 
passage of digesta from the abomasum was increased while after the sheep ate 
hay there was no increase and often a decrease in the rate of flow. Feeding, 
however, invariably increases the frequency of the movements of the reticulum 
and rumen; while rumination, which results in the food present in the reticulum 
being in a fine state of division, causes a regular rhythm and a more regular 
passage from the abomasum than occurs at other times. The consistency of the 
contents of the reticulum appears to be important in determining the rate at 
which digesta pass into the omasum but the possibility of independent control 
still remains. The passage of food therefore from the large reservoir formed by 
the reticulum and rumen together to the duodenum is a more complicated 
process to study than the emptying of the stomach of a dog, and although the 
statement that it is a continuous process appears to be substantially correct 
the rate of flow may vary considerably or flow may cease completely at dif- 
ferent times throughout the day. 


SUMMARY 


1. The quantity‘of digesta passed from the stomach of one sheep in which — 


flow to the duodenum was permanently exteriorized was found to be 389 and 
441 ml./hr. on two separate occasions. 

2. The quantity of digesta passed in two sheep in which the flow along the 
duodenum was temporarily exteriorized by the inflation of a balloon in the 
duodenum varied from 309 to 413 ml./hr. 


3. The inflation of a balloon in the duodenum reduced the outflow of digesta 
from the abomasum to the duodenum. 
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4, The reintroduction of digesta into the duodenum temporarily stopped or 


reduced the passage of digesta from the abomasum. 

5. The quantities of digesta passing from a duodenal cannula silaced j im- 
mediately caudal to the pylorus varied from 467 to 1277 ml./hr. with sheep 
consuming 1125 or 1200 g. of dry food daily when the material collected was 
not reintroduced into the intestine. 

6, The quantities passed from the duodenum during collections lasting 1} hr. 
was influenced by the quality of the food eaten. 

7. An increase in the flow of digesta from the abomasum was found after a 
feed of cereal offals and meals but not after a feed of hay. 

8. The flow of digesta from the duodenum was more regular when the sheep 
was ruminating than when it was otherwise occupied. 

9. No relationship was found between the frequency of the movements of 
the reticulum and the quantities of food passing to the duodenum. 

10. Digesta passes to the duodenum of sheep in gushes at irregular intervals 
for 17 out of 24hr. Periods of 15-30 min, between gushes may occur particularly 


_ if the sheep has recently consumed hay. 


I wish to thank Mr L. E. Vowles for making many of these measurements and also Messrs 
R. 8. Reid and R. Green for their help during the long-term collections. 
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THE COMPOSITION OF THE DIGESTA LEAVING 
THE ABOMASUM OF SHEEP 


By M. J. MASSON anp A. T. PHILLIPSON 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Recewed 7 June 1951) 


The digesta entering the abomasum of sheep consist of the residual products of 
the fermentations that proceed in the rumen and reticulum, which pass through 
the omasum to the abomasum where they are diluted and subjected to peptic 
digestion by the gastric juice secreted by the gastric glands of that viscus. 
Measurements of the volumes of digesta leaving the abomasum under various 
experimental conditions (Phillipson, 1951) indicated that as much as 10-12 1. 
pass to the duodenum in 24 hr. Analyses of certain constituents of the digesta 
leaving the abomasum suggest that the volume of gastric juice is considerable 
and there is evidence to suppose that water is lost from the digesta before they 


enter the abomasum. That absorption of water from the omasum is the probable 


explanation is substantiated by the recent work of Garton (1951) who found 


that both magnesium and phosphorus are concentrated in the omasal contents, © 


an observation in keeping with the well-known fact that omasal contents 


‘ contain less water than those of any other part of the stomach. The experiments 


described in this paper support this view. There is little information available 
on the rate of secretion and composition of the gastric juice of the sheep and 
for this reason a study of the juice obtained from abomasal pouches was under- 


taken. The data so obtained allow calculations to be made showing that the 


dilution of omasal contents by gastric juice is so large that gastric juice is the 
greater in volume of the two components, which together form the abomasal 
contents. 7 
METHODS 

Surgical. The sheep used for the experiments previously described (Phillipson, 1951) also pro- 
vided samples of rumen contents and of the material passing into the first part of the duodenum. 
Rumen liquor was withdrawn by suction and duodenal contents were obtained by opening a 
Perspex cannula situated immediately caudal to the pylorus and waiting for a gush of digesta to 
flow from the cannula. 

Samples were obtained in this way at hourly intervals while the sheep were feeding normally. 
Samples of well-mixed whole stomach contents of slaughtered sheep were used to compare the 
rumen, omasal and abomasal contents.* 


. The authors are indebted to Drs J. Tosic and R. L. M. Synge for these samples. 
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Abomasal pouches were prepared either according to the original technique of Pavlov (1910) or 
according to the modification of this technique developed by Hollander & Jemerin (1938). 
Hollander pouches are preferable to Pavlov pouches as the nerve supply to the pouch receives leas 
damage during the operation than with the Pavlov technique. | 

There are two principal difficulties to overcome in performing these operations. The first is to 
prevent regurgitation of rumen contents (which often occurs) when major surgical interference is 
applied to the abomasum. This was avoided by using animals previously fitted with rumen can- 


_nulae through which the rumen and reticulum contents could be removed before the operation 


started. The rumen liquor was strained off and placed in an incubator until the operation was over 
and was then replaced in the rumen. The second difficulty is due to the large flaps of mucosa that 
line the abomasum which make the formation of a pouch difficult. We have tried various ways of 
overcoming this trouble but our successes have been due to the exercise of extreme care in suturing 
together the out edges of the flaps. 

We have performed this operation on 6 sheep but have created only 2 successful pouches, one 
after ‘Pavlov’ and one after ‘Hollander.’ Operative failures were due at first to regurgitation of 
stomach contents, and when this was overcome, to perforation of the partition between the pouch 
and the body of the abomasum. 

The secretion from the Pavlov pouch after 2 months became so small that further work with the 
animal was abandoned. The pouch on post-mortem examination was in a healthy condition and 
there was no apparent reason why it was not secreting. The second sheep with the Hollander 
pouch is still alive and healthy although the operation was performed over 2 years ago. The pouch 
continues to secrete apparently normal gastric juice although for one period, a year after the opera- 
tion was performed, the quantity of secretion was very low and the juice was neutral or had a low 
acidity. This change was associated with a change in the feeding regime, for it later returned to 
normal, This sheep was subsequently fitted with a cannula placed in the pyloric part of the 
abomasum so that the gastric juice and abomasal contents could be compared. 

Chemical. Samples were dried at 105° C. to constant weight to determine dry matter. The same 
samples were subsequently ashed at 500°C. to obtain total ash. 

Total volatile fatty acids were determined in the usual way by steam distillation and titration of 
the distillate with carbonate-free 0-02 n-NaOH under CO,-free conditions, using phenol red as an 
indicator. Chloride did not appear in the distillates in sufficient quantity to be detected by the 
addition of AgNO,. Chloride was estimated in stomach contents by the method of Van Slyke & 
Sendroy (1923). A modification of this method was used to determine chloride in weighed samples 
of the stomach contents. The ‘ Volhard’ titration was used to determine chloride in filtered gastric 
juice; this is a simpler procedure than the Van Slyke & Sendroy method, and, in the absence of 
mucus, gives true chloride values. No significant difference was found between this method and 
that of Van Slyke & Sendroy when both were applied to the same sample of filtered gastric juice. 
pH was determined by the glass electrode. 


RESULTS 
Volatile fatty acids in the rumen and duodenal contents 


Samples taken from the rumen and duodenum of three sheep, nos. 2, 494 and 
495, and duodenal samples from two more animals, nos. 4 and 12, were studied. 
They were taken at hourly intervals over a 12hr. period, the rumen and duodenal 
samples being obtained within a few minutes of one another. The results con- 
firm previous observations (Phillipson & McAnally, 1942; Elsden, Hitchcock, 
Marshall & Phillipson, 1946) that the concentration of volatile fatty acid in the 
— entering the duodenum is seven or more times veo than that of the 


en. The results are siagie in Table 1. ap 
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TaBw 1. The concentration of volatile fatty acid in the ramen and duodenal contents 
(m.equiv./l.) 
Rumen Duodenum 
no. 
2 B ew 69 3-5 
2 B 13 55-98 73 2-6 3-5 
13 3-6 46 
494 A 13 83-123 102 10-19 14 ‘ 
495 A 13 82-125 108 5-11 9 
4 A 10-14 12 
Diet A =Hay plus linseed meal 2 parts 
» crushed oats 1 part 
Diet B=Hay plus ground maize 4 parts 
» crushed oate 1 part 
»  wWheatbran 1 ,, 
» linseed meal 
» fish meal 


The quantity of food passing to the duodenum is between 400 and 500 ml./ 


hr.; thus the quantity of volatile fatty acid leaving the stomach is considerably 
less than 1 g./hr. when expressed as acetic acid. 


130+ Rumen 
110F 
3 
60F 
t 
30F Duodenum 
10} 


Time (hr.) 


Fig. 1. The daily variation in total volatile acid concentration in the rumen and in the digesta 
leaving the abomasum. Hay was fed at 7 a.m. and 4 p.m., while the mixtures of meals given 
at 11 a.m. were different, ©——©, diet A (sheep no. 494); @——@, diet B (sheep no. 2). 


In diet B, the volatile acid concentration of samples taken from the 
duodenum changed in the same direction as those found in samples taken 


} from the rumen although the variation was small (Fig. 1). 


The titratable acidity of the food entering the duodenum was high. In only — 
two samples was there obvious contamination with bile. It was noted that 
the common bile duct entered the duodenum approximately 30 cm. from the 
pylorus so that the samples were collected before they have been contaminated 


to any appreciable extent with bile or pancreatic juice. 
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ABOMASAL DIGESTA OF SHEEP 101 
The range of values found from 7 a.m. to 7 p.m. are shown in Table 2. 
TaBLE 2. The pH and total acidity of the duodenal contents 


Total acidity 
pH m.equiv./1. 

No. of A 
no, Diet samples  . Mean Range Mean 

2 B 12 3-1 

B 13 2-6-3-5 2-9 48-67 59 
: 12 B 13 2-5-3-2 2-9 52-74 65 
494 A 13 3-0-4-2 3-4 39-50 44 

495 A 13 2-3-3-2 2-8 43-62 53 

4 A 13 2-4-3°4 2:8 46-55 61 


_ Two relationships were found to exist which are indicative of the variation _ 
in the volumes of the two components of the mixture leaving the abomasum, 
| namely omasal contents and gastric juice. Total ash and chloride, when 
ml.) calculated as g./100 g. of the dry matter, varied inversely with the dry matter, 
ibly 


j 
gesta 
jiven 
the Chloride (g./100g. dry matter) 
ken 2. This diagram shows the fit of an equation estimating dry matter from its chloride 
This dag ‘Although the means of the two animals were diferent, the coefficienta 
the relationship were similar and it was possible to make » combined estimate, 
mly expressing 
hat As the diagram shows, the relationshi was curvilinear. 
the as shown in Fig. 2. Chloride accounted for 48-58% of the total ash with two 
ted f exceptions out of 26 so that the ratio dry matter/total ash has greater variation 
_ than the ratio chloride/dry matter. These relationships are to be e as 
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the material leaving the omasum has a dry-matter content of approximately — 
20% while the chloride concentration, as will be shown later, is small compared 
with that of the gastric juice. An inverse relationship, therefore, can be expected. 
The concentration of chloride when expressed as a percentage of the liquor 
does not bear a close relation to the dry matter. On occasion both chloride and — 
dry matter were diluted. This can only mean that a material low in chloride — 
with a high water content enters the abomasum. This could be drinking water or 
rumen liquor. If, however, as sometimes occurred, this dilution was accom- 
panied by an increase in volatile acids it is more probably due to rumen liquor 
passing through to the abomasum without the concentration which would be 
expected to occur in the omasum, for otherwise the concentration of dry matter 
would be high. | 
_ A close examination of the results of serial samples taken over 12 hr. from 
sheep nos. 494 and 495 is interesting because these sheep were fed on the same 
ration and the samples were taken on the same day under identical conditions. — 
Both the sheep were in metabolism cages so that the food and water intake were 
controlled. On the day of the experiment the volume of water drunk by each 
was practically the same and was a little greater than 2 |. 


_ Tastz 3, The variation in rumen and duodenal contents of sheep nos. 494 
and 495 over 12 hr. 


Duodenum 
3-0-4-2 3-4 2-3-3-2 2-8 
otal m.equiv./l.’ 39-50 43-62 52 
Volatile m.equiv./l. 10-19 14 5-11 9 
Chloride m.equiv./1. 1098-120 119-135 128 
Chloride g./100 g. dry matter 8-5-13-2 10-7 6-9-11-5 8-4 
matter g./1. 30-48 39 42-66 55 
| g./100 g. dry matter 14-25 20 13-20 16 
Rumen 
Volatile acids m.equiv./1. 83-123 102 82-125 103 
Chloride m.equiv. 7-11 8 7-13 9 


The complete analysis for these two animals is given in Table 3. Chloride is 
expressed both as g./100 g. dry matter and as m.equiv./l. The hourly variations © 
are given in Fig. 3. 

Comparing sheep nos. 494 and 495, there is little difference between the 
concentrations of volatile acid and chloride in the rumens of these animals. 
The chloride concentrations in the rumen were consistently low but higher 
values have been found in other sheep. The composition of the food entering 
the omasum is similar as regards these two constituents. Subsequent variation 
in the material leaving the abomasum must have been brought about during 
the passage of food through the omasum and abomasum. The striking difference 
is that the acidity, the chloride concentration as m.equiv./l. and the dry matter 
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ABOMASAL DIGESTA OF SHEEP 103 
are greater in the samples taken from sheep no. 495 than in those taken from 
sheep no. 494, while conversely, volatile acids, ash and chloride as a percentage 
of the dry matter are less concentrated in sheep no. 495 than in sheep no. 494. 
The interpretation of this difference will be discussed later. 

494 495 


: Total titratable acidity 


Total volatile acidity | Total volatile acidity 


/ 
Chloride (g./100 g. 

1400 ml.) 


Dry matter (g./100 mi.) 


m.equiv./i. pH units 


m. equiv./lI. 


(g'/100¢. D.m.)/- 


Chloride (g./100g. 0.m.) 


7 a.m. 114 a.m. 4p.m. 7a.m. 11 a.m. 4p.m. 
Time (hr.) Time (hr.) 


Fig. 3. The variations found in]the"digesta leaving the abomasum of sheep 494 and 495. Both 
animals received identical treatments and food. The arrows indicate the times at which food 
was given. Hay was fed at 7 a.m. and 4 p.m. while a mixture of meals was given at 11 a.m. 


The secretion of gastric juice from abomasal pouches 

The Hollander pouch. Large samples of juice were obtained by continuous 
collection throughout the day and night from the sheep with the Hollander 
pouch while kept in a metabolism cage. The acidity and concentration of 
chloride contained in the juice were estimated and are given in Table 4. 

Chloride varied from 153 to 165 m.equiv./l. Titratable acidity varied over 
@ greater range, 66-117 m.equiv./l., and there is no apparent correlation be- 
tween acidity and chloride concentration. The range for titratable acidity was 
66-105 m.equiv./l. during the day but 86-117 m.equiv./l. during the night. 
There was no difference, however, between the day and night concentrations of 
chloride. | 
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104 M. J. MASSON AND A. T. PHILLIPSON 
Tass 4, Composition of gastric juice obtained from a Hollander pouch of the abomasum 
| Acidity Chloride 
Duration of collection pH (m.equiv./l.) (m.equiv 


9 a.m.-6 p.m. 1-22 95 163 
6 a:m.—9 a.m. 1-20 105 160 
«  10am-6 p.m. 1-24 69 153 
10.30 a.m.-5 p.m. 1-32 66 153 
10 a.m.-6 p.m. 1-10 98 160 
6 p.m.-7 a.m. 1-28 106 160 
6 p.m.-7 a.m. 1-30 107 153 
6 p.m.-6 a.m. 1-20 97 153 
6 p.m.-10.30 a.m. 1-16 - 86 160 
5 p.m.-9 a.m. 1-17 86 160 
6 p.m—10 a.m. 1-13 104 160 
10 p.m.-10 a.m. 1-05 117 165 


During the day and night 121 samples for analysis were collected. These 
showed that the acidity of the juice under normal circumstances ranged 
from 9 to 128 m.equiv./l., the mean being 86. Total chloride ranged from 147 


to 177 m.equiv./l. with a mean of 158. Fasting juice had a wider and lower | 


Normal feeding 
conditions 


No. of samples 


“SaSRous 


20. 40 (80 7 1 
10 30 50 7 90110 130 
m.equiv./I. | 
Fig. 4. A histogram showing the distribution of the samples of gastric juice of different titratable 
acidity during normal feeding and during fasting, collected from the sheep with a Hollander 
pouch. 


range of acidity; 2-107 m.equiv./l., the mean being 51; total chloride remained 
at nearly the same level as before, 143-165 m.equiv./l., with a mean of 153, 
ra swan lower than normal juice. A histogram of the results is given 
in Fig. 4. 7 | 

I'he Pavlov pouch. The acidity of the juice collected from the sheep with a 
Pavlov pouch was less. Large collections were not made but: series of 7-10 
samples were collected throughout the daylight hours and. the results are 
given in Table 5. Samples collected at the end of the day often had a low 
titratable acidity and a pH over 6. This sheep developed an infection 
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after the first few collections and cloudy alkaline juice was obtained from 
the pouch. After a course of penicillin the sheep recovered and the juice 
became clear and acid again. The figures are given not because those 


_ for acidity can be taken as representative of normal juice but to show that 


the chloride concentration remained relatively constant in spite of the wide 
fluctuations in acidity, and varied from 141 to 161 m.equiv./l. which is 
only slightly less than that of the gastric juice obtained from the Hollander 
pouch. A single sample of gastric juice from a third sheep, collected before the 
partitions between the pouch and the body of the stomach sadeaceetise had a 
chloride concentration of 153 m.equiv./l. 


TaBz 5, of falos collected from Pavlov poush of the ahomaeum 
Acidity (m.equiv./l.) Chloride (m.equiv,/l) 


Noof — 
samples - Average Range Average 
7 21-52 31 162-158 156 
14 3-38 18 150-154 153 
687 13 147-152 150 
ll 2-31 147-153 151 
9 77 147-160 154 
46-59 52 153-161 158 
26 141-151 148 


_ ‘The quantity of juice secreted. The total juice secreted from the Hollander 
pouch was collected on 14 occasions over a 24 hr. period. The quantity during 
the first series of collections made from 2-3 months after the operation 
varied from 855 to 1185 ml./24 hr. over a series of 10 collections. A further 
series of 4 collections were made 5-6 months after the operation and the volume — 
varied from 826 to 1053 ml./24 hr. The average figure for all collections was 
955 ml. Fasting reduced the flow, a volume of 695 ml. being collected during 
the second 24 hr. without food. _ 

Three 24 hr. collections have recently been made from this sheep now more 
than 2 years after the operation. The volume collected ranged from 540 to 
660 ml. 

This sheep was maintained under normal conditions on a normal diet; a salt 
lick was provided but otherwise no precautions were taken to rectify the loss 
of chloride and acid from the body. Her water consumption, measured on 14 
consecutive occasions, varied from 700 to 2980 ml./24 hr. which is a range 
usually found for sheep maintained under similar conditions. 

_ ‘The influence of feeding on gastric secretion. The sheep with the Hollander 
pouch was fed with hay at 7 a.m. and 4 p.m. while a mixture of concentrated 
foodstuffs was given at 11 a.m. The volume of juice passed hourly from 9 a.m. 
to 6 p.m. was determined on eight occasions while further collections over 
shorter periods were made on seven occasions. The results which are given in 


Table 6 show no regular response to feeding. 
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Taxs 6, Variation in rate of secretion of gastric juice throughout the day 


No. of at Average 
| ‘Time measurements (ml. (ml.) 
9 a.m.—10 a.m. 9 19-75 39 
10 a.m.-11 a.m. 12 22-68 46 
11 a.m.—12 noon 15 25-86 38 
12 noon-1 p.m. 12 26-75 45 
1 p.m.-2 p.m. 12 21-60 41 
2 p.m.-3 p.m. ll 27-75 46 
3 p.m.-4 p.m. 23-55 39 
4 p.m.-5 p.m. 11 23-59 45 
5 p.m.-6 p.m. 8 19-60 36 


secreted, and two’ waves appeared, a.small wave occurring in the morning, 
followed later by a larger increase, reaching its peak in the middle of the after- 
noon. The time intervals of these waves were irregular, showing no clear trend. 
_ The rate of secretion during fasting, however, was more regular and the two 
waves were regular and distinct and in four experiments a high rate of secretion 
was found. The lowest rate was noted between 12.30 and 1.30 p.m. and was 
followed by a wave of increasing secretion reaching its peak between 2.30 and 
3.30 p.m. We haye not observed any responses that suggest ‘psychic’ stimula- _ 
tion, nor was the ay immediate response to feeding, facts which suggest that _ 
secretion as & t of vagal stimulation is not important. 
The chloride concentration in stomach contents. The small variation in the con- 
_ centration of chloride in the gastric juice in both animals suggested that these 
values could be used to calculate the dilution of omasal contents by gastric 
juice. Contents from different parts of the stomach of sheep killed at definite 
- times after a feed of hay were used. Liquor was expressed from the contents 
and the chloride concentration was determined in measured aliquots. Weighed 
samples were also taken and the total chloride content determined. The results 
obtained from 7 sheep are given in Table 7, 


TABLE 7, Concentration of chloride in different parts of the compound stomach of the sheep 
(a) m.equiv./l. of stomach liquor. (6) m.equiv./kg. of whole stomach contents _ 
1 2 3 4 5 6 7 


@) ® @ @ ® @ ® @ ® @ @ ) 


38 564 42 62 53 389 — 41 58 S51 41 4! 
119 119 118 118 123 113 129 127 124 119 128 128 


Omasum - 40 ae 
.Abomasum ll4 — 
' The contents of the rumen and reticulum were separated in two animals and 
in both the concentration in the reticulum exceeded that of the rumen. In the 
remaining sheep the contents of the rumen and reticulum were mixed together. 
The method of determining chloride on the weighed samples was not satis- 
factory. It was difficult to obtain representative samples and the volumes 
of material used were troublesome to handle; there was considerable variation 
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between different samples from the rumen. With omasal and abomasal contents 
duplicates agreed to within 10°, but with the small concentration found in the 
rumen contents agreement varied from 35 to 50%. The virtue of the weighed 
samples, however, was that they showed that the concentrations of chloride 
in the muslin filtrates were of the same order as those of whole stomach 
contents. 

The required dilution of omasal contents by gastric juice to give the abomasal 
concentration found are given in Table 8. It has been assumed that the chloride 
content of gastric juice is 157 m.equiv./l. which is the average figure for all 
estimations from both types of pouch. : 


Taswx 8. The quantity of omasal contents which, when added to 100 ml. gastric juice containing 
157 m.equiv./l. of chloride, will produce the concentration of chloride present in the abomasum 


(a) Based on omasal liquor. (b) based on whole omasal contents. _ 


Sheep 

no. (a) () 

1 67 
58 

3 51 56 

4 49 59 

5 — 50 
Ss: 35 56 

7 33 32 
Average 47 52 


The fact that the concentration of chloride in the omasum is higher than 


that in the rumen but lower than that in the abomasum may be due to three — 


causes. Chloride may be concentrated as a result of absorption of water in 
the omasum, but this is unlikely to be the sole cause since the increase 
is large. It may be due to passage of chloride from the blood, for as the 
epithelium of the rumen is permeable to chloride (Masson & Phillipson, 1951) 
it is probable that that of the omasum is equally permeable; or it may be due 
to backward diffusion from the abomasum. If backward diffusion occurs to 
any extent then the pH of the omasal contents would probably be lower than 
that of the rumen but this is not so (Garton, 1951). In order to see whether the 
omasal juice possessed peptic activity the omasal contents were acidified with 
dilute HCl so that the pH was reduced to 1, and were then incubated with 
dried sheep’s fibrin, but it was found that the omasal liquor had little or no 
power of digesting dried sheep’s fibrin, in contrast to abomasal liquor which 
rapidly disintegrated this material. _ 

A comparison of gastric juice and abomasal contents of the.same sheep. After 
a Perspex cannula had been inserted into the pyloric part of the abomasum of 
the sheep with the Hollander pouch it was possible to compare the chloride 
concentration of the juice and the abomasal contents in the same sheep from 
hour to hour. 
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A series of four sets of samples extending from 7 a.m. to 7 p.m. were taken 
and the chloride concentration in the abomasal contents and in the gastric juice 
was determined at hourly intervals. In order to calculate the quantity of 
omasal contents needed to produce the dilution of gastric juice found to be 
present at each hour in the abomasum the average figure for the concentration 
in the whole omasal contents given in Table 8, column 6, was taken. This was 


46 m.equiv./kg. The specific gravity of gastric juice is so close to one that — 


volumetric measurements can be converted to gravimetric measurements 


without making any appreciable difference to the results. The quantities of _ 


omasal contents calculated on this basis which would need to be added to 
100 g. of gastric juice are given in Table 9. | 


Tanz 9. The quantity of omasal contents, containing 46 m.equiv./kg. chloride, needed to dilute 2 


100 g. gastric juice to produce the observed chloride concentration in the abomasum 


No. of Range Average 
Series samples (g-) (g-) 


1 10 44-61 48 
2 10 26-42 36 
3 13 25-40 34 
6: 13 22-40 33 


These analyses support those obtained from the stomach contents of slaugh- 
_ tered animals in that the dilution of gastric juice by omasal contents on a weight 
’ for weight basis show that gastric juice forms the larger part of the mixture. 


DISCUSSION 


There is very little information in the literature on the composition and secretion _ 


of the gastric juice of ruminants. This is probably due to the technical difficulty 
of constructing abomasal pouches. Early investigations of the juice obtained 
from a Pavlov pouch of the abomasum of the goat (Bichel, 1905; Grosser, 1905) 
suggested that the acidity was considerably less than that of the dog. An alka- 
line juice with a very low acidity was obtained after withholding food for 24 hr., 
and feeding increased the acidity and the rate of secretion. Grosser found 
values for acidity ranging from 4 to 84 m.equiv./l. and the peptic activity 
varied with the acidity. Belgowsky (1912) studied the juice secreted by Pavlov 
pouches of the abomasum of calves and found that while the flow of juice was 
continuous it increased abruptly after feeding if food had been withheld pre- 


viously for 16 hr. The quantity of juice collected at different times of the day. 


varied considerably when normal feeding was permitted, without any close 
relation to feeding. Acidity of the juice ranged from 36 to 98 m.equiv./l. with 
a maximum of 127 m.equiv./l. The juice, however, was alkaline on occasion. 
These values found in the calf are slightly less than the values we have found 
for sheep. Reference to Fig. 6 shows that of the 116 samples examined under 


normal feeding conditions, 64 lie between {80 and 110 m.equiv./l. and 107 


~ 
4 
a 
nf 
> 
> 
4 
'@ 
4) 
| 
ag 
‘i | 
4 
a 
ae 
ae 
{ 
a 
5 
« 
5 
4 
4 
; 
| 
N 
¥ 
3 
be 
* 


ABOMASAL DIGESTA OF SHEEP 109 


between 50 and 120 m.equiv./l. It is also clear from Fig. 6 that fasting leads 
to reduced acidity or even to an alkaline juice. The acidity of the juice is less 
than that of dogs although the chloride concentration is similar. The most 
remarkable feature was the continuity of secretion and the large volumes 
produced, 3 

The fact that the rate at which omasal contents pass to the abomasum is 


‘not always related to feeding (Phillipson, 1951) suggests that the quantity of 


juice secreted does not ‘bear any obvious relation to feeding, and our results 


. support this hypothesis. An increased rate of passage to the abomasum was 


found only after feeding mixtures of meals. The two waves of secretion found 
when the sheep is fasted does suggest that there is a basic rhythm of secretion 
to a given feeding regime but that under normal conditions this is often obscured 
by irregularities in the rate at which food passes to the abdomen and this in 
turn may be influenced by irregularities in the incidence and duration of 
rumination. These observations agree with those of Hspe & Cannon (1937) who 
studied the rate of secretion of juice from abomasal pouches in calves. The only 
constant effect they observed was an increased rate of secretion when milk 
entered the abomasum. They found no response to psychic stimulation or to 
sham-feeding, and suggest that the secretion of gastric juice as a result of 
vagal stimulation is not important in ruminants. 

The analytical data confirm previous work that short-chain fatty acids formed 
in the rumen are absorbed before they reach the small intestine except for 
small quantities. An assumption is made that water absorption occurs in the 
omasum. The results suggest that food passes at different speeds through the 
omasum of different sheep maintained under identical conditions. This can be 
deduced from a scrutiny of the data given in Table 3. In the two sheep the 


_ rumen liquor was practically identical as regards the concentrations of chloride 


and total volatile acid so that the material entering the omasum was very 
similar in both animals; subsequent changes found in the material leaving the 
abomasum must have occurred in the omasum or the abomasum itself. There 
are two principal explanations that have to be considered. The first is that the 
fermented food residues passed through the omasum at different speeds anu 
that slow passage leads to greater absorption of water and volatile acid so that 
the dry-matter concentration in the abomasum was greater and the volatile 
acid concentration less. This in turn would give a high chloride concentration 
in the abomasum but total ash and chloride as a proportion of the dry matter 
would be less. Rapid passage through the omasum would lead to the opposite 
state of affairs. This hypothesis in fact satisfies the analytical data. The second 
explanation to be considered is that the volumes of gastric juice secreted by 
the two sheep differed in both quantity and quality. Calculations, however, 
based on differences of volume in conjunction with differences in acidity, do 
not satisfy the analytical data and we may tentatively conclude that the 
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difference between these two sheep was due to difference in rates of passage 
through the omasum with consequent differences in the quantity of water and 
volatile acid absorbed. 

Aggazzotti (1910), as a result of his somewhat fragmentary experiments, con- 
sidered that absorption of water occurred from the omasum. The contents of 
the omasum are well known to contain less water than that of any other part 
of the stomach and the laminated interior offers a large surface area exposed — 
to the contents so that providing the squamous epithelium is permeable to 
water, there is no reason why absorption of water should not occur. Garton 
(1951) from a study of the concentrations of magnesium and phosphorus in the 
four parts of the stomach of the sheep also concludes that absorption of water 
occurs in the omasum for both elements are concentrated in this organ. 

The dilution of omasal contents when they reach the abomasum indicated © 
by the changes in chloride concentration appears to be large and to be of the 
order of two parts of gastric juice to one of omasal contents. Garton (1951), | 
however, from the changes in phosphorus concentration suggested that the 
omasal contents and the gastric juice were mixed in approximately equal parts. 
A study of the dilution of dry matter from the omasum to the abomasum — 
suggests that both ranges may occur for on post-mortem examination the 
abomasum dry-matter concentration may vary from one-half to a quarter of 
that of the omasum (Elsden ef al. 1946; Phillipson, Green, Reid & Vowles 
1949). 

The proportion of the gastric mucosa occupied by the pouch of the ‘Hol- | 
lander’ type was not greater than 20% of the whole while in one of the sheep 
in which the partition perforated it was 16% of the whole. As secretion from 
this type of pouch was approximately a litre a day the total volume of gastric 
juice secreted by the sheep appears to be considerable, possibly as much as 
5-6 1./24 hr., which is of the same order as that postulated for the salivary 
glands. If this is so then the total volume of fluid including drinking water, 
which amounts to 2-3 1. daily with sheep fed on a dry ration, exceeds the 
estimated volume of 10-12 1. leaving the abomasum daily. For this reason we 
may suppose that absorption of water from the omasum and also possibly from 
the rumen itself occurs in normally fed sheep. | 


SUMMARY 

1. The sunceateation of steam-volatile fatty acids in the digesta leaving the 

abomasum is 7-20 times less than it is in the rumen. | 
2. The chloride and dry-matter concentrations, when related to a other, 

are inversely proportional in the digesta leaving the abomasum. 


3. The concentrations of chloride in the contents of the meen, omasum 
and abomasum increase in that order. 


- 
a 
we 
q 
om 
- 
= 
34 
me 
ae 
\ 
| 
2 
UR: 
A 
4 
£ 
4 
ee 
} 
Feit 
Al 
ay 
} 
Bak 
t 
q 4 
3 
at. 


abomasum was 86 m.equiv./l. Neutral juice or juice with a low acidity was 
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4, The chloride concentration in the gastric juice obtained from two sheep, 
one with a Hollander and one with a Pavlov pouch of the abomasum, ranged 
from 141 to 177 m.equiv./l., the average value being 157 m.equiv./l. The average 
value for a fasting sheep with a Hollander pouch was 153 m.equiv. fl. and the 
average for the same sheep during normal feeding was 158 m.equiv./l. | 

5. The highest acidity of the gastric juice was 117 m.equiv./l. Under normal 
circumstances the average value obtained from a Hollander pouch of the 


occasionally secreted. | 

6. Fasting reduced the acidity of the gastric juice. 

7. The ratio of gastrie juice to omasal contents calculated from the observed 
concentrations of chloride in the omasal and abomasal contents and in the 
gastric juice was approximately 2:1 or greater. : 

8, There is evidence to suppose that absorption of water occurs from the 
fermented food residues before they enter the abomasum. 


_ We are indebted to Miss M. Wilson, Mr L. E. Vowles and Mr R. Green for assistance in these 
experiments, and to Mr A. W. Boyne of the Statistics Section for plotting the curves shown in 
Fig. 2. 
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DISTRIBUTION OF PHOSPHATASES 
IN HUMAN ERYTHROCYTES 


By EVELYN M, CLARKSON AND MONTAGUE MAIZELS* 
From the Department of Clinical Pathology, Unwersity College Hospital, 
Lond 


(Received 27 June 1951) 
Erythrocytes, in common with other cells, contain many phosphatases. In 


some cells these enzymes are associated in part or in whole with the nucleus or - 


mitochondria (Schneider, 1946), while in yeasts some of the enzymes are 
situated on the surface of the cells and act on substrates in the external medium 
(Rothstein & Meier, 1948). It therefore seemed of interest to seek the sites of 
action of similar enzymes present in the non-nucleated human erythrocyte, 
since these sites might indicate the localization of active transport—an activity 


which is itself based on glycolysis and phosphorylation (Harris, 1941; Maizels, — 
1951). The content of cell phosphate has been investigated by the usual methods | 


(see below) and the following fractions recognized: (1) Inorganic phosphate 
(IP). (2) Easily hydrolysable phosphate (EHP), that is, phosphate liberated 
by boiling a trichloroacetic acid filtrate with one-quarter of its volume of 
sulphuric acid (5 N) for 7 min., and corresponding mainly to the two labile 
groups of adenosine triphosphate (ATP). (3) In some experiments, but not in 
all, orthophosphate liberated after boiling for 150 min. was estimated (150’ P); 
according to Rapoport & Guest (1939) if the 7 min. figure is subtracted from 
this, phosphate left ‘is probably derived partly from hexosediphosphate and 
to some extent from hexosemonophosphate and from ribose phosphate of 
adenylic acid’; since this fraction cannot be referred to any single ester, the 
term 150’ P is used throughout. (4) In a few experiments diphosphoglycerate 
(DPG) was estimated colorimetrically. (5) Residual phosphoric esters (RPE): 
the nature of these will vary with the type of experiment, for when only IP and 
EHP are estimated RPE will include 150’ P and DPG; when 150’ P is measured 
as well, RPE will include DPG, and when the value of DPG is also known, some 
residual phosphoric esters still remain whose nature is obscure. 


* In receipt of a grant from the Medical Research Council. 
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The nomenclature of the relevant enzymes is unsatisfactory. Here, the 
following terms are used: adenosine-triphosphatase converting adenosine 
triphosphate to adenosine diphosphate; apyrase converting adenosine triphos- 
phate to adenylic acid; pyrophosphatase converting inorganic pyrophosphate 
to orthophosphate. The experiments described fall into three groups: the first 
studies the effects of separated stromata on various substrates, while the second _ 
deals with enzymes in cell haemolysates and the third with enzymes present 
on the inner and outer faces of the intact erythrocyte membrane. 


METHODS 
Whole haemolysate was prepared by lysing washed erythrocytes with nine volumes of water. 
Stroma-free haemolysate was made by passing carbon dioxide through dilute whole haemolysate 
and centrifuging. Concentrated stroma-free haemolysate was prepared from the preceding by 
freeze-drying and redissolving in a small volume of water. Alternatively, cells were washed with 
sodium bicarbonate solution to remove chloride, lysed by freezing with CO, snow and treated with — 
resin (Zeocarb 215) which, by removing base, lowered the salt content and liberated CO,. Centri- 
faging at 16,000 r.p.m. removed most but not all of the stroma; hence the method was not com- 
pletely satisfactory, and so freeze-drying of dilute haemolysate was preferred. Stromata were 
In prepared by washing the deposit from centrifuged dilute whole haemolysate with a mixture of 


sor plain water and water saturated with CO,. The cream-coloured product stored at pH 6 in the cold 
remained active for about 2 days. 

| Boiled cell filtrate, sometimes used as a substrate, was prepared by laking 1 vol. of packed cells 

tum with 6 vol. of water and adding 1 vol. of NaCl solution (1-2 »). This was quickly brought to the boil 

s of and filtered. The filtrate usually contained about 5mg./100 ml. total phosphorus, of which about 

rte, 7% was inorganic and 15% easily hydrolysable. , 

ste Stromata in a mixture were roughly standardized by comparison with the laboratory standards 
Y || used for estimating protein in cerebrospinal fluids; thus, a mixture matching the 70 mg. protein 

els, standard was said to contain 70 arbitrary units; one such preparation contained 75 mg./100 ml. 

ods nitrogen. Diphosphoglycerate was estimated by Rapoport’s method (1937); other phosphate 

ate fractions were measured by methods described elsewhere (Maizels, 1943). 

ted Control experiments consisted of enzyme and substrate incubated separately under the ap- 


propriate experimental conditions. These were mixed and analysed at the end of the incubation 
» of period and the findings compared with those in enzyme-substrate systems incubated together 
throughout, 


t in RESULTS 
P); i Experiments with stromata 
om Effect of time on phosphorolysis induced by stromata in boiled cell filtrate. With 


and a fairly strong suspension of stromata in cell filtrate (index 100) total acid-soluble 
. of phosphorus and the sum of IP and EHP remain almost unaltered for 6 hr. 
the | incubation (Fig. 1), showing that no inorganic phosphorus was liberated either 
ate by breakdown of phospholipins or residual phosphoric ester; after 6 hr. total 
K): acid-soluble P continues unaltered while RPE slowly fall and IP + EHP rise; 
and it was thought that the late phosphorolysis of RPE was brought about by 
red contaminating micro-organisms which begin to increase about this time. In 
me contrast with the slightness of action on RPE is the rapid breakdown of EHP, 
| for though IP + EHP remains practically unaltered for at least 6 hr., IP rapidly . 
increases at the spunea EHP so that the latter has almost —_e8 : 
PH. CXVI. 


{ 
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4 or 5 hr. This shows that stroma contains an apyrase in a combination not 
easily broken by repeated washings. If an adenosine triphosphatase is also 
present, its action is masked by that of the co-existent apyrase. 

Effect of pH on phosphorolysis induced by stroma in boiled cell filtrate. Stroma 
and boiled cell filtrate were brought to the requisite pH and incubated. Difficulty 
- arose because of a rapid fall in the pH system. This was slight below pH 7 and 
marked at pH 8 or 9. The fall is due to interaction between alkali and stroma; 
the nature of this is discussed in the next section. The shift in pH was controlled 
by the frequent addition of traces of strong alkali from a micrometer burette, 
the necessity for additions becoming much less after the first hour’s incubation. 
This method of controlling pH was preferred to the customary technique of 
adding barbitone buffer, for there is no clear evidence that variations in the 
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Fig. 1. pH 7. Total P constant 
at 4:2 mg./100 ml, 
degree of ionization of the buffer leaves enzyme action unaffected. It will be 
seen (Fig. 2) that maximum phosphorolysis of EHP is found between pH 6:3 
and 7-4 and probably about 6-8 (at 20°). At no point was action on any other 
ester found—at least up to 6 hr. incubation. 

- It is possible that inhibition of stroma apyrase by change of pH may be due 
to permanent adverse effects of pH on stroma itself as distinct from any 
reversible effects on the speed of reaction between stroma and cell filtrate. This 
matter was investigated by incubating samples of stroma suspension at various 
pH for 1 hr., countering the tendency for pH to fall by the frequent addition of 
strong alkali. (The fall in pH was not due to phosphorolysis or —. in the 
stroma, since both the requisite substrates were only present itrtraces. It was 
thought that the alkali combined with some acid in the stroma, and it was 


noted that incubation always caused some clearing of the stroma, especially at 
high pH.) 3 
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After the stroma samples had been incubated at the appropriate pH for an 
hour, they were cooled and mixed with portions of boiled cell filtrate. All 
mixtures were then brought to pH 6-7 and incubated. Fig. 3 shows that some. 
activity remains after preliminary exposure of stromata to a wide range of pH, 
and that the stroma is damaged but little between pH 5:8 and 7, least injury 
being sustained at about 6-3. It follows that in a mixture of boiled cell filtrate 
and untreated stromata where enzyme action decreases below 6-7 (Fig. 2) the 
decline is due to.the effect of low pH on the speed of the reaction. Failure in 
hydrolysis above pH 7 in Fig. 2, however, is roughly paralleled by the _— of 


0-4 — | 0-4 
he. | ubation 
803 - = 03 - 
a 
= = 
a a 
0 T 0 T 
5 6 7 ease, 5 é 7 8 
pH pH 
Fig. 2. Fig. 3. 
Mig. 2. pH and the interaction of stromata and boiled cell filtrate. a — 
at 4-6 mg./ml. 


Fig. 3. Direct effects of pH on stromata: stromata incubated alone at various pH for 1 hr., then | 
all brought to.pH 6-7 and incubated with boiled cell filtrate for 4 hr. 


stroma damage indicated,in Fig. 3, and it is probable that the failure here is 
due to this damage rather than to any direct effect on the speed of the reaction. 
However this may be, oe effective optimum pH for stroma apyrase is about — 
6-7, 

Activation P stroma apyrase. Boiled cell filtrate is uhenifable as a substrate 
for testing activation of stroma apyrase, since it already contains magnesium, 
and therefore commercial adenosine triphosphate was used. The barium salt _ 
supplied contained much inorganic phosphate, a variety of esters and sufficient 
ATP for the present purpose. It will be seen (Table 1) that the addition of Mg, 
but not of Ca, increased apyrase activity. 

Effect of stromata on other substrates. Stromata had little effect on sodium 
triphosphate and was only slightly more active against pyrophosphate; the 


addition of Mg or Ca had no clear-cut effects. It was thought that such action 
g—2 


rom 
Att 
a 
? 
a 
4 
é 


116 EVELYN M. CLARKSON AND MONTAGUE MAIZELS 


as occurred was due to incomplete removal by washing of pyrophosphatase and 
triphosphatase which are found in large amounts in whole and also in stroma- 
free haemolysate (Table 1). 


Taste 1. Action of stromata on various substrates 


% substrate 
converted 
Addition osphate 
Substrate (Pmg./100 ml.) (m.equiv./l.) pH in 4 hr 
a & & 
ATP O48 Mg 1 6-85 63 
0-46 Ca 1 6-91 ll 
0-46 Mg 1 6-87 16 
Ca 1 6-88 
100 
75 Easily hydrolysable P 


% cells in haemolysate 


~~ Effects of diluting whole haemolysate on the hydrolysis of natural phosphoric esters of . 
| erythrocytes. pH 6-88. 3 hr. incubation. 


TaBxx 2, Effects of dilution and calcium on the hydrolysis of phosphoric esters in whole 
haemolysate 


Initial values (mg./100 ml.) 


Ca added pH at pHat In In 
Dilution Stroma (m.equiv.) 4 hr. “IP EHP 150’P DPG 4hr. EHP 150’P DPG 
1/1 + 0 687 62 45 63 230 676 69 #%$.49 #80 
2/5 + 0 6-87 2-5 18 256 92 682 67 4 £462 
+ 0 6-83 25 0-9 125 46 685 66 39 36 
+ 3 5 60 33 50 


of dikiting 


__ In these experiments it was observed that dilution of the haemolysate caused 1 
# proportionate decrease in the activity of certain enzymes, while in the case of 
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other enzymes the reduction of activity was disproportionately great, and it is 
necessary to keep this fact in mind when comparing the activities of different 
haemolysates. Fig. 4 shows that when whole haemolysate (that is haemolysate 
with its stromata not removed) is diluted and incubated, the same proportion 
of EHP is hydrolysed over a wide range of dilutions. A fuller statement of the 
effects of a smaller range of dilutions on the hydrolysis of cell esters is shown in 
Table 2. This confirms that for dilutions between 1/1 and 1/5, the same per- 
centage of EHP is hydrolysed, hydrolysis of 150’ P shows a small relative 
decrease with dilution, while the breakdown of diphosphoglycerate is much 
inhibited. The findings are similar in the case of stroma-free haemolysate, 
though here little or no EHP is hydrolysed at any dilution and inorganic 
phosphate liberated from 150’ P esters is also quite small (Table 3). — 


Stroma-free haemolysate _ 
_ Dilute and concentrated stroma-free haemolysate were prepared as described 
in the section on methods. 


TaBLE 3. Effects of dilution on the hydrolysis of phosphoric esters in stroma-free haemolysate 
esters hydrolysed 
in 4 hr. 

Initial values (mg./100 ml.) A 

pH at — A pHat In In In 
Dilution Stroma Ohr. IP EHP 150’P DPG 4hr. EHP 150’ P DPG 

7/10 0 668 43 47 #45 4171 £672 2 2 8 
4/10 0 6-63 a6 12 12 
2/10 0 666 125 136 %138 49 6-75 0 4 8 
7/10 + 654 43 47 #45 #171 «#660 7 32 


TaBie 4. Effects of the presence and absence of stroma in haemolysate on phosphorolysis 
at various pH (10-fold dilution) 


% ester 
oH at 


at 

Stroma ys IP EHP RPE Fi hr. ‘In EHP In RPE 

Absent 6-58 0-40 0-70 3°35 6°76 6 9 

Present 6-58 0-42 0-72 3-30 6-68 55 14 
Absent 6-81 0-40 0-70 3°35 6-91 10 7 

Present 6-80 0-43 0:72 3-30 6-91 59 12 

Absent 702 040 070 355 7:15 10 6 

Present 7-00 0-43 0-72 3:50 7-08 60 10 

RPE =residual phosphoric esters. 


Enzymes acting on natural cell esters. In dilute stroma-free haemolysate, very 
little EHP was hydrolysed on incubation (Table 4), and such slight action as is 
sometimes observed may be ascribed to imperfect removal of stromata. More- 
over, addition of Mg or Ca failed to elicit apyrase action. The findings contrast 
with those in whole haemolysate where EHP disappears, and suggests that the 
apyrase of erythrocytes is only found in the stroma. On the other hand, there 
is some breakdown of other phosphoric esters even in the absence of stromata— 
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slight in dilute solutions and more marked in concentrated haemolysates 
(Table 3); in the latter, 150’ P esters undergo a little hydrolysis, diphospho- 
ni being affected to a greater extent. 


stroma-free haemolysate (20-fold dilution). 


Additions (m. i substrate 
(m.equiv./1.) % 
Substrate P (mg./100ml.) Mg Ca 4} br 

Na,P 2-8 0-2 0 6-84 10 
2-8 ‘12 0 6-72 
Na,P,0, 2-8 0-2 1 6-76 3 
Na,P, 2-8 0-2 0 6-80 10 
NBO 2:8 0-36 0 6-74 25 
Na,P,0, 2:8 0-55 0 6-77 94 
Na,P,0, 28 0-55 1 6-76 7 
Ni 2-5 0-2 0 688 9 
2-5 1-2 0 6-71 66 
Ov 2-5 0-2 1 6-75 4 


T 
Magnesium content (m.equiv./l.) 


+O, 1/20 dilution; @—@, 1/40 dilution. Pyrophosphate=2-94 mg./100 ml. 


Pyrophosphatase and triphosphatase. While stroma-free haemolysate is with- 
out action on its own natural content of EHP (presumed to be largely ATP) it 
acts powerfully on inorganic pyrophosphate (Table 5)—an observation origin- 
ally made by Roche (1931). Haemolysate also acts less powerfully, though still 
strongly, on triphosphate, and as Frankenthal & Neuberg remark (1943) in the 
case of both these salts the action is one not of hydrolysis but of hydration. 
Both enzymes are powerfully activated by magnesium; this is shown for several 
dilutions of haemolysate in Fig. 5, where allowance has been made for Mg 
naturally present in the cell. On the other hand, both are strongly inhibited by 
Ca (Table 5). The pH optima of both enzymes is about 7—probably a little 
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lower for pyrophosphate and a little higher for triphosphate (Figs. 6, 7). It is 
clear that the two enzymes have much in common, and it may be wondered if 
there is but one enzyme acting on two substrates. In the case of the corres- 
ponding enzymes of tumour cells and yeasts, pyrophosphatase activity . is 
retained while triphosphatase activity is lost if the material is shaken with 


l 


P (mg./100 mi.) 


Orthophosphate P (mg./100 mi.) 


o 
~ 


Fig. 6. Fig. 7. 
Fig. 6. pH and pyrophosphatase activity of stroma-free haemolysate (1/20 and 1/40). Total 
pyrophosphate P =2-8 mg./100 ml. Magnesium =0-225 m.equiv./I. 
Fig. 7. pH and triphosphatase activity of stroma-free haemolysate (1/20). Total triphosphate 
P=2-60 mg./100 ml. Magnesium =0-225 m.equiv./1. 
TABLE 6. Effects of preliminary heating or extraction with ether on the pyrophosphatase | 
and.triphosphatase activity of haemolysate 
(Haemolysate dilution 1/10; Mg 0-5 m.equiv./l.) 


% substrate 
pH at pHat converted to 
Prelim. treatment Substrate (mg./100 ml.) Ohr. 2hr. ortho 

None Pyrophosphate 4-00 700 7-08 49 
None Triphosphate 3-92 700 7:10 46 
Ether extraction Pyrophosphate 4:12 700 8 7:00 51 
Ether extraction Triphosphate 3-96 700 7-01 28 
Heating to 50° Pyrophosphate 4-00 700 7:10 46 
Heating to 50° Triphosphate 3-86 700 7:12 8 


ether (Frankenthal & Neuberg, 1943) or heated to 50° for 30 min. (Schaffner 
& Krumey, 1938), and a similar though slighter decrease in triphosphatase 
activity in haemolysate may be induced by the same treatment (Table 6) } hence, 
it must be concluded that the enzymes are distinct—especially as there is no 
competition in the system, for when haemolysate acts on both substrates 
together each is hydrated to orthophosphate as though it alone were present in 
the system. Mention has already been made of the pH optima of these enzymes, 
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and Figs. 6 and 7 show that activity declines rather sharply on either side of 
this optimum which is at about pH 7. In order to determine if this decline 
were due to damage of the enzyme at unfavourable pH or to an inhibitory effect 
on the enzyme-substrate reaction, haemolysate was incubated alone at various 
pH for 1 hr., then pyrophosphate and magnesium were added and all systems 
brought to pH 6-9 and incubated for a further 2 hr., after which time ortho- 
phosphate liberated was estimated. Fig. 8 shows that haemolysate suffers 
least damage at about pH 7, and that the damage inflicted on the enzyme itself 
increases as the pH of the ise si incubation deviates from this value. It 


05 


0: T T T 7 

5 6 7 8 9 

pH preliminary incubation of haemolysate 

Fig. 8. Effects of preliminary incubation of haemolysate (1/40) on subsequent pyrophosphatase 
action at pH 6-9. Total pyrophosphate P =2-00 mg./100 ml. Magnesium =0-51 m.equiv./l. 
therefore seems probable that although the effective pH optimum of the pyro- 
phosphatase-pyrophosphate system is about 7, the finding results from the 
enzyme being most stable at this pH, though the possibility that the speed of 


the enzyme-substrate reaction may also be maximal at pH 7 has not been 
excluded. 


Whole haemolysate 

It has been seen that stroma-free haemolysate has no action on EHP but 
causes some hydrolysis of RPE, or more correctly of one or more of the esters 
constituting RPE—the latter in the present context indicating all cell esters 
other than EHP. Haemolysates containing stromata hydrolyse EHP rapidly 
(Tables 3, 4 and 7), and, in addition, more RPE is broken down than is the 
case with the same haemolysate freed of stromata. Clearly, then, stromata in 
haemolysate increase the hydrolysis of RPE, though stromata suspended in 
boiled cell filtrate have no action at all on these same esters (Fig. 1). It follows 
that in the latter system, either there is a loss of enzyme acting on RPE brought 
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about by washing the stromata, or else there is absent from boiled cell filtrate 
a substance which in haemolysate activates a stroma enzyme acting on one or 
more of these residual esters. If both of these factors were operative, then the 
addition of washed stromata to stroma-free haemolysate would raise the hydro- 
lysis of RPE to a value intermediate between those seen in stroma-free haemoly- 
sate and whole haemolysate; if loss of enzyme on washing stromata were 
operative, then reconstitution of stroma-free haemolysate would not raise the 
hydrolysis of RPE, while if a haemolysate co-factor were chiefly concerned, 
addition of washed stromata to stroma-free haemolysate would fully restore 
enzyme activity against RPE. The data in Table 7 suggest that even when 


Taste 7. Phosphorolysis in stroma-free, reconstituted and ‘normal’ whole haemolysate 


(10-fold dilution) 
Initial values 4 
(mg./100 ml.) 
pH at rg in pH at In In 
System 0 EHP RPE 4hr. 


enough washed stromata are added to stroma-free haemolysate to increase the 
hydrolysis of EHP above that seen in ordinary whole haemolysate, hydrolysis 
of RPE in the latter is still greater than that seen in the reconstituted 
haemolysate: 

Hydrolysis of esters naturally present in the erythrocyte. Table 2 shows that 
whole undiluted haemolysate acts powerfully on EHP, 150’ P and on diphospho- 
glycerate. Dilution of the haemolysate causes little or no relative decline in the 
hydrolysis of the first two, but causes a marked relative decrease of diphospho- 
glycerate hydrolysed. This decrease is not removed by the addition of mag- 
nesium and so contrasts with the decrease of pyrophosphatase activity in haemo- 
lysate, where the effects of dilution can be largely removed by the addition of 
Mg. However, the enzymes have this in common, that they are all inhibited 
by calcium, and this applies especially to enzymes acting on diphospho- 
glycerate. With regard to residual phosphoric esters: in the present context, 
the error in this will include all the errors in the estimations of IP, EHP, 150’ P 


_ and total acid-soluble P, as well as the errors in estimating diphosphoglycerate. 


In our hands, Rapoport’s method (1937) has not proved highly accurate because 
of the difficulty of obtaining a satisfactory glycerate standard, of charring in 
the cell filtrates not present in the standards and because of the high blank 


f 
t 
Stroma-free haemolysate 664 036 O89 331 683 9 45 | 
Stroma-free haemolysate + 661 038 078 339 #673 80 8 7 | 
washed stroma 
Whole haemolysate 660 038 082 340 675 61 7 4 | 
Stroma-free haemolysate 662 029 O73 278 668 MW 45 . 
Stroma-free haemolysate+ 662 031 070 289 665 66 7 
washed stroma | 
Whole haemolysate 661 033 064 291 666 57 9 : | 
(RPE =residual phosphoric esters.) | 
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values obtained. Hence, although results obtained by Rapoport’s method 
were fairly consistent and reproducible, they introduced a large error in the 
values for RPE which were therefore not thought worthy of record. (It will 
be realized that in other experiments where RPE = TP — “IP = EHP, the figures 
for residual esters are significant.) 

With regard to the site of enzymes acting on DPG: Table 3 shows that 
stroma-free haemolysate hydrolyses this ester, but the action is reinforced by 
the presence of stromata; the latter, however, have by themselves no action on 
a solution of DPG in saline, and their effects in haemolysate presumably 
depend on the presence of a co-factor. 


Phosphorolysis in lysed and unlysed cells 

For the sake of completeness, these effects, which are well known (cf. 
_ Rapoport & Guest, 1939), are shown in Table 8, In unlysed cells containing 
glucose, breakdown of RPE is slow compared with that seen in undiluted 
haemolysate containing stroma; this difference is more marked at pH 7-2 than 


TaBiz 8. Phosphorolysis in haemolysed and unhaemolysed erythrocytes 


Initial values 
(mg-/100 ml.) %, ester hydrolysed in 4 hr. 
pH at ;- pH at A | 
Erythrocytes Ohbr. IP EHP RPE 4hr. In EHP In RPE. 
Haemolysed 669 67 44 324 # £672 77 54 
Unhaemolysed 674 650 50 350 663 8 - 30 


at our experimental pH of 6-7. Hydrolysis of EHP is slight in whole cells and 
marked in the haemolysate. But in systems whose glucose content is low, 
breakdown of EHP and other esters may be as rapid asin haemolysate (Table 10). 
The findings are explained by the fact that rephosphorylation is much more 
active in the intact glycolysing cell and opposes phosphorolysis to a considerable 


extent. The slightness of phosphorolysis in stroma-free haemolysate, on the 


other hand, is due not to rephosphorylation processes but to a partial removal, 
with the stroma, of enzymes acting on EHP and RPE. : 


| Enzymes on the surface of intact erythrocytes — 

_ It may be presumed that stroma material bulks largely in the erythrocyte 
membrane and may even constitute part of the external surface of the cell. 
It was therefore thought of interest to investigate the action of intact red cells 
on external substrates in which they were suspended. When in these two-phase 
systems decrease of EHP or RPE occurs, it is assumed that the change is due 
to phosphorolysis and not to a movement of EHP or RPE from one phase to 
the other; this is justified by the observations of Hevesy & Aten (1939), which 
show that erythrocytes are impervious to phosphoric esters. 
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In order that the composition of boiled cell filtrate might approach that of 
the cell interior and so limit the diffusion of inorganic phosphate, the filtrate 
was freeze-dried and then taken up in water. More phosphate than chloride 
was lost in the processing, and so the isotonic reconstituted filtrate was relatively 
deficient in organic phosphate. However, the data (Table 9) permit of the 


Taste 9. Phosphorolysis outside and inside erythrocytes incubated in boiled cell filtrate 


ester 
System mg. 
(phase analysed pHat - A. pHat In In 
imitalics) Glucose Ohr. IP EHP RPE 4hr, EHP RPE 
Filtrate + cells 667 655° 385 331 657 65 2 


Filtrate + cells 663 395 915 410 658 28 39 


0 

0 
Filtrate + cells + 679 651 495 25 675 49 3 
Filtrate + cells + 677 46 112 37:2 6-74 3 30 


: Norr. The experiments in this table were carried out on different bloods. 


following conclusion: in glucose-containing systems there is considerable 
breakdown of RPE in the cells (doubtless depending on the low pH) and very 
little disappearance of EHP; there is also passage of inorganic phosphate from 
cells to filtrate, which is not apparent in Table 9. The filtrate phase shows marked 
hydrolysis of EHP and very little change in RPE. In the absence of glucose, 
a fairly large breakdown of EHP occurs in cells as well as in filtrate, the amount 
being relatively greater in the latter; breakdown of RPE is considerable in the 
cells, but remains slight in the filtrate. The findings suggest that the stroma 
apyrase of intact cells acts on ATP within and without, but that within the cell 
considerable rephosphorylation of adenylic acid occurs when the system con- 
tains glucose, while at the external face of the cell no rephosphorylation occurs 
whether glucose be present or no. Moreover, an enzyme is present acting on 
RPE in the cell interior, but only slightly, if at all, on RPE outside—either 
because the filtrate is not accessible or because it lacks some necessary co- 
factor; it will be seen later that the latter cause is probably operative. 


| Erythrocytes suspended in stroma-free haemolysate concentrated by freeze-drying 


Stroma was separated from a 20-fold dilution of haemolysate, and the residue — 
was concentrated by freeze-drying so that its content of phosphoric esters 
might be comparable to that inside intact cells. In practice, it was difficult to 
reconstitute the dried product to the original volume of cells from which it was 
derived, and so phosphoric esters in the reconstituted haemolysate were little 
more than half that present in intact cells—a matter of importance when 
comparing speeds of hydrolysis in the two phases. Results are shown in Table 10. 
With regard to the external haemolysate: EHP, 150’ P and DPG are all 
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Erythrocytes suspended im filtrate 
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hydrolysed more rapidly in the presence of cells than when these are absent. 


Further, the first experiment of Table 10, which only records the values for — 
IP, EHP and RPE, shows that in haemolysate hydrolysis of EHP and RPE is — 


increased in the presence of suspended erythrocytes, while in the parallel 
experiment with boiled cell filtrate (Table 9) the presence of red cells increases 
the breakdown of EHP but not of RPE, This suggests that stroma-free haemoly- 
sate contains a co-factor, absent in filtrate, which allows a stroma phosphatase 
of intact cells to act on the residual phosphoric esters in the external haemoly- 
sate. The findings are comparable to those occurring with separated stromata 
suspended respectively in cell filtrate and in stroma-free haemolysate; in the 
latter breakdown of RPE is increased (Table 7), while in the former little or no 
breakdown of RPE occurs, whether stromata be present or not (Fig. 1). 


10. Phosphorolysis inside and outside erythrocytes incubated in stroma-free 
freeze-dried and redissolved haemolysate 


in 4 

System (mg. 

(phase analysed pHat — pHat hh In 
in italics) Glucose Ohr. IP EHP RPE 4hr. EHP RPE 


Haemolyeate alone Absent 672 225 355 212 664 10 18 
Haemolyeate+cells Absent 672 225 355 21-2 660 66 28. 
Haemolysate+cells Absent 670 460 760 333 656 18 34 

7 


System Initial values (mg./100 ml.) 
pHat ~ pHat In 
in italics) Glucose IP EHP 150’P DPG 4hr. EHP 150’P DPG | 


0 hr. 
alone Trace 668 21 45 40 142 658 16 = «15 
668 21 45 40 42 656 560 35 38 
Haemolysate+celle Trace 675 23 79 80 226 654 2 44 #33 


In the case of the cells suspended in haemolysate, it is clear that in the 


presence of glucose, phosphorolysis is less than that occurring in haemolysate — 


and also less than that seen in cells incubated without glucose. In the absence 


of glucose, on the other hand, breakdown of EHP is still less than in the © 


external haemolysate, but hydrolysis of RPE is more. However, the cells are 
much more concentrated than the haemolysate, and this may account, in part 


at least, for their greater phosphorolytic activity; had the concentrations of _ 
the two phases been the same, hydrolysis of RPE in the cells — well have © 


been less than in the (cf. Tables 2 and 3). 
Erythrocytes suspended in inorganic pyrophosphate solution 


Erythrocytes were suspended in a solution of inorganic pyrophosphate in | 
isotonic saline, Mg which activates pyrophosphatase being added. No con- | 
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version of pyrophosphate to orthophosphate was. observed, nor is any to be 
expected, since red cell pyrophosphatase is present in stroma-free haemolysate 
but not in stromata. wits 
DISCUSSION | 

It seems that every living cell contains organic pyrophosphatases (apyrases); 
many cells contain inorganic phosphatases and some contain several of each 
sort; hence it is not surprising that the relevant literature is enormous (Roche, 
1950). Here we are less concerned with the characters of these enzymes than — 
with their distribution in the erythrocyte; but first it may be as well to recall 
some of the properties of certain of these enzymes found in the erythrocyte 
and in other cells. 
_ Apyrase. Breakdown of organic pyrophosphate was first observed in the 
erythrocyte by Barrenscheen & Vasarhelyi (1931), who showed that easily 
hydrolysable phosphate was converted into inorganic phosphate whenever 
glycolysis was inhibited. A fuller description of the relation of adenosine tri- 
phosphate and organic pyrophosphatase to glycolysis in erythrocytes was 
given by Dische (1937). Similar enzymes converting ATP to adenylic acid are 
widely distributed throughout the animal and vegetable kingdoms. Lohmann 
(1928) described their presence in muscle, and according to Bailey (1942) this 
enzyme is activated by Ca and Mg and especially by Mg. Apyrases also exist in 
liver (Jacobsen, 1931) and potato (Kalckar, 1944). According to Krishnan 
(1949) there are two potato apyrases—a soluble and an insoluble; the former 
has a pH optimum at 6-5 and the latter is active over a wide range between 
5-5 and 7-7; both are Ca activated. Frank, Lipschitz & Barth (1950) describe 
apyrase in frog’s liver activated by Ca and Mg, and another in muscle with 
a pH optimum at 7-4, activated by Mg and inhibited by Ca. Apyrase in the 
human erythrocyte is most active at pH 6-8 (Fig. 2), is Mg activated and un- 
affected by Ca (Table 1). It thus contrasts with the adenosine triphosphatase 
of muscle which converts ATP not to adenylic acid but to ADP, has a pH 
optimum of 9 and is Ca activated (Engelhardt & Ljubimova, 1942). 

Inorganic pyrophosphatase. This enzyme identified in the erythrocyte by 
Roche (1931) had already been described in a number of tissues by Kay (1928) 
who stated that its pH optimum lay between 7-4 and 7-6. Bailey & Webb (1944) 
described a pyrophosphatase in yeast which is in many respects similar to that 
occurring in the human erythrocyte; both have pH optima at about 7 and are 
strongly activated by Mg and inhibited by Ca (Table 5). Stromata have little 
or no pyrophosphatase activity (Table 1), but in the stroma-free haemolysate 
pyrophosphatase activity is very high. What function this enzyme subserves 
in cells is by no means clear, but in the erythrocyte its activity exceeds that of 
all the other enzymes combined. In yeasts and other cells inorganic pyto- 
phosphate is formed by the enzymic interaction of mononucleotides with ATP 
(Kornberg, 1950), and its removal would presumably permit of the continued 
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production of diphosphopyridine nucleotide and flavine adenine nucleotide 
also formed when the mononucleotides interact with ATP. Further, although 
the reactions described by Kornberg are reversible, it may well be that under 
physiological conditions, pyrophosphate must be converted to orthophosphate 
before phosphorus can again enter the cycle; certainly little or no free pyto- 
phosphate can be detected in the human erythrocyte, which is hardly surprising, 
in view of the high pyrophosphatase content. 

_ Inorganic triphosphatase. Inorganic triphosphatase, present in human 
erythrocytes, was described in yeasts, muscle, kidney and tumour cells by 
Neuberg & Fischer (1938 a, b), and in these tissues, as in the red cell, the enzyme. 
is distinct from pyrophosphatase. Triphosphatase derived from tumours has. 
a pH optimum at about 6 and shows little activation by Mg; triphosphatase of 
erythrocytes has a pH optimum at 7 and is strongly activated by Mg and 


inhibited by Ca. The function of i — triphosphatase in erythrocytes is at 


— unknown. 

 Metaphosphatase. This has not ens found in human erythrocytes 

Other enzymes. Stroma-free haemolysate contains enzymes whiok aot fairly 
strongly on. diphosphoglycerate, rather feebly on 150’ P esters, and not at all 
on ATP. The presence of stroma in haemolysate increases the hydrolysis of all 
these esters and initiates that of ATP (Tables 2 and 3). On the other hand, 
stroma alone, though active against ATP, will not act on the other esters left 
when the proteins of haemolysate are removed by boiling and filtration; hence, 


it seems to follow that two factors are concerned in the hydrolysis of 150’ P — 


esters, and diphosphoglycerate by. stromata—a stroma enzyme and a non-stroma 
haemolysate co-factor. ‘The finding is paralleled by those of Bauer, Schaffner &. 
Krumey (1935), which show that dialysis of tissue phosphomonoesterase may 
result in an inactivation, which is removed when the wasn sat is restored to the 
material dialysed. 

- Reference must now be made to the observations of eladeis & Guest (1939) 
_ which seem to.show that diphosphoglycerate is only hydrolysed in intact 
erythrocytes and not at all in haemolysates. Rapoport & Guest prepared their 


haemolysates in one of two ways: either they lysed cells in a large volume of — 


water (which alone will suffice to annul any hydrolysis of diphosphoglycerate— 
cf. Table 2 and Fig. 4) or they lysed whole blood by freezing and thawing. The 
latter process implies a considerable dilution of cells by plasma and also exposure 
of cell contents to plasma Ca, which, as we have seen (Table 2), greatly inhibits 
the breakdown of diphosphoglycerate. It therefore seems that Rapoport & 
Guest’s findings were fortuitous and dependent on the technique used for 


haemolysis, and that hydrolysis of diphosphoglycerate can occur even in the — 


lysed cell. One other point of interest may be noted: erythrocytes contain 


magnesium and no Ca, and all the cell reascauion are activated by Mg and either 
inhibited or else unaffected by Ca. 
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Sites of enzyme activity. It appears that in nucleated cells the bulk of many 
cell enzymes is contained in mitochondria and secretory granules (Hogeboom, 
Claude & Hotchkiss, 1946; Schneider, 1946), while Meyerhof & Geliazkowa 
(1947) and also Roberts & Carruthers (1948) report that the apyrase of cells is 
present mainly in the particulate portion of homogenates. Rothstein & Meier 
(1948) report the presence of enzymes on the surface of yeast cells converting 
ATP to adenylic acid and triphosphate and pyrophosphate to orthophosphate. — 
All these actions occur over.a wide range between pH 2 and 7 with an optimum 
between 3 and 4. In the case of the erythrocyte, as we have seen, hydrolysis 
of diphosphoglycerate occurs in stroma-free haemolysate but is accelerated by 
the presence of stroma; hydrolysis of EHP is entirely and of 150’ P largely due 
to enzymes attached to the stroma, and under physiological conditions the 
stroma enzymes exert their actions on substrates in the cell interior, though 
under experimental conditions the intact cell will hydrolyse the same substrates 
added to an external solution. One thing is clear: in haemolysate, breakdown 
of ATP is not normally reversible, even when the haemolysate is in contact 
with the outer surface of erythrocytes; it is only inside the intact glycolysing 
cell that phosphorylation keeps pace with phosphorolysis and permits the level 
of ATP to be maintained (Tables 8, 9 and 10). The evidence suggests that 
phosphorylation takes place in the substance or at the inner cell face of the 
erythrocyte membrane. The purpose of apyrase-acting at the outer face of the 
cell membrane is obscure, but if uptake of Na and discharge of K at the inner 
face of the cell membrane depend on phosphorylation in that situation, it is 
possible that release of Na and of K on at 
external cell face. | 

SUMMARY | 
The stroma of erythrocytes enzymes by 
magnesium which convert adenosine triphosphate to adenylic acid and also 
liberate orthophosphate from ‘150’’ phosphoric esters and diphosphoglycerate. 
The two latter activities require the presence of a co-factor present in cell 
haemolysate. In the intact cell, these actions are exerted on the cell contents 
and also on esters in a haemolysate containing the cells in suspension. 

2. Stroma-free haemolysate contains enzymes activated by magnesium and 
inhibited by calcium which exert some hydrolytic action on diphosphoglycerate 
and rapidly convert inorganic pyrophosphate and triphosphate to orthophos- 
phate, but have little or no action on adenosine triphosphate. 

8. Phosphorylation of adenylic acid does not occur in stroma-free or stroma- 
containing haemolysates even when these contain intact erythrocytes in 
suspension. It follows that phosphorylation cannot occur at the outer cell face 
and must therefore take place within the substance of the cell membrane or at 
_ its inner face. 
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MUSCLE PERFORMANCE IN RATS, NORMAL AND 
TREATED WITH GROWTH HORMONE | 


By BRENDA BIGLAND anp BARBARA JEHRING 
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(Received 30 April 1951) 
Lee & Schaffer (1934) demonstrated that rats, treated with crude pituitary 


_ growth hormone extracts, gained significantly more weight than untreated 


control rats, even when the food intake of the two groups of animals was the 
same. Analysis of the tissues from these rats revealed that the gain in weight 
could be accounted for by the increase in protein and water content of the 
carcass. Similar studies by Young (1945) and by Li, Simpson & Evans (1948), 
who used purified growth hormone, have confirmed these findings, although 
no attempt was made to localize the site of new protein deposition. 
The first attempt to identify the site of new growth was made by Bartoli, 
Reed & Struck (1937), who investigated changes in the weight of the quadriceps 
muscle in rats treated with pituitary extracts. They found a small but definite 
increase in the weight of this muscle from treated rats as compared with un- 
treated controls. This finding has been confirmed and extended by Greenbaum 
& Young (1950), who reported that the rate of growth of the tissues was 
not uniform throughout the body. The differences of the rates of growth of the 
muscles were particularly striking; some, for example, gastrocnemius, soleus, 
tibialis anterior, grew isometrically with respect to body weight, whereas 
others, for example, quadriceps, diaphragm, usually grew at a greater rate. 
It was of particular interest to measure the physiological properties of these 
hypertrophied muscles to establish whether, in fact, the possession of a larger 
muscle confers any advantage. Such measurements were made by Plattener & 
Reed (1939), who examined the twitch tension of the gastrocnemius muscle 
during long continued stimulation and found that the hypertrophied muscle 
did not develop more tension than did the muscles from control rats. Their 
work is, however, open to criticism on several counts. No attempt was made 
to pair their experimental and control rats with respect to initial weight; 
their animals were chosen at random from large groups of treated and un- 
treated rats. It frequently happened, therefore, that the controls were actually 
heavier than the experimental animals. The use of large groups oars the 
PH. OXVI. 
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use of the paired-feeding technique, and an increase in the size of the muscles 
of treated animals may thus have been secondary to the larger food intake 
which anterior pituitary extracts always stimulate. All their experiments were 
performed on the gastrocnemius, a muscle in which the increase in weight under 
growth hormone treatment is relatively small (Greenbaum & Young, 1950). 
The animals were killed before the commencement of the experiment so that 
_ the twitch tension and the rate at which it declined was probably due to the 
sensitivity of the preparation to asphyxia. Twitch tension is not a particularly 
sensitive index of functional changes in a muscle. 


For these reasons it seemed desirable to repeat the observations of Plattener 


& Reed using a muscle, the quadriceps, which responds to growth hormone 
more strikingly than does the gastrocnemius, with more careful control over 


the selection and pretreatment of the animals, and with methods which might — 


be expected to reveal relatively small changes in functional activity. 

The opportunity was also taken to amass some information on the normal 
behaviour of rat muscles with a view to using them for other neuromuscular 
myographic studies. 

The result of this investigation has been to confirm the eid of Plattener 
& Reed that the hypertrophied limb muscles of rats treated with anterior 
pituitary growth hormone are not capable of any — tension development 
than those from untreated control rats. 


METHODS 


Full-grown female hooded Norway rats, aged 6-9 months, were used. They were selected in pairs 
so that the weight difference was usually less than 5 g and never exceeded 10 g. One member of 
each pair received a daily subcutaneous injection of 0-5 mg of ‘pure’ growth hormone in 0:5 ml. 
water adjusted to pH 9-0, for 21 days. The second member of the pair received 0-5 ml. of water 
adjusted to pH 9-0. The growth hormone preparation used was the ‘fraction B’ of Wilhelmi, 
Fishman & Russell (1948). Throughout the period of injection the food intake of the treated rats 
was restricted to that of their controls. Fifteen pairs of rates were used. 
_ The rats were anaesthetized with 0-6 ml./100 g of a 2-5 % solution of bromethol (Avertin) by 
ject A further 0-3 ml./100 g was given after 5 min if necessary. This produced 
was decerebrated through an opening in the left parietal bone. We found that this preparation 
remained in good condition for more than 8 hr. | 
Myographic technique. A longitudinal incision was made through the ventral aspect of the skin 
of the thigh. The patellar tendon was tied and detached from the tibia, together with a fragment 
of bone. The tensor fasciae latae was transected and removed so as to leave the quadriceps quite 
free. The femoral nerve was dissected and ligated as high up as possible, leaving about 1} cm of 
nerve exposed. The femur was immobilized by means of fine drills inserted into the trochanter and 
‘the distal end. The drills were clamped rigidly to a myograph table, so arranged that the tension 


on the muscle could be altered with a screw adjustment. The table also carried an optical isometric _ 


myograph of spring steel, giving a magnification of 300-600 and allowing about 0-2 mm movement 
of the tendon for a full-scale deflexion on the recording camera. It was calibrated by attaching 
weights to it. The nerve was stimulated with voltage pulses derived from an Attree (1950) 
stimulator and applied to the nerve through fine platinum wire electrodes. 

To keep the temperature constant the edge of the skin round the muscle was drawn up by cotton 
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threads to @ flexible metal ring. The cavity so formed was filled with paraffin. The temperature 
was recorded by a copper-constantan thermocouple, one end of which was placed in melting ice, 
while the other, held within‘a hypodermic needle, was inserted into an adjacent muscle in the 
paraffin bath. Alteration of temperature was brought about by switching on either an infra-red 
heating lamp or an electric fan. 

At the beginning of each experiment a base-line was recorded with no tension on the muscle, so 
that the resting tension on each subsequent record could be measured directly. 

Histological technique, The increase in weight of the muscles resulting from growth hormone 
treatment led us to expect a corresponding change in fibre diameter which might in turn be corre- 

lated with the change in function if any should occur. At the end of the experiment the muscle was 
weighed and a slice cut from it by means of two razor blades clamped 1 mm apart. The incision 
was always made in the same part of the muscle in such a way that the muscle fibres were cut as 


transversely as possible. The slice was then mounted on a freezing microtome and sections cut 


about 304 thick. These were mounted on a slide in glycerine, magnified 200 times, and photo- 
graphed. 


RESULTS 

After 21 days the injected animals were 25-50 g heavier than their controls, 
an increase of about 20 %. The average weights of the quadriceps obtained 
from these animals were respectively, control 1-77 g+0-12 g (s.z.), treated — 
2:21 + 0-15 g and the mean of the percentage differences calculated from each 
pair 24-30 + 2-90. We were thus able largely to confirm Greenbaum & Young’s 
(1950) observation that this muscle grows at a greater rate than the rest of the 
body when —— with growth hormone, although some anomalies were 
found. 

Histological comparison of the treated muscles with those from the untreated 
animals showed that an increase in muscle weight of 20-30 % (mean 26-2 + 
1-54 %) was associated with an increase of fibre cross-sectional area of 6-12 %, 
although in two exceptional animals there was as much as 20 % increase 
(mean 12-44 + 1-513). 

The figures quoted in the following sections are mean values obtained from 
all muscles regardless of the treatment they have received except where 
otherwise stated. They therefore lie between the figures given separately for 
the treated and control muscles in Table 1. 

Single twitches. The strength of stimulus necessary for maximality was found 
for each preparation. With shocks about twice this strength sigle twitches 
were recorded, keeping the resting tension constant at about 50 g. The average 
tension produced by such twitches in all muscles was 415-3 + 44-3 g. 3 

Tension-length curves were not constructed because it is difficult to estimate 
satisfactorily the resting length of such a complex muscle as quadriceps. We 
therefore decided to investigate the effect of alteration of the resting tension 
on twitch tension. In all experiments it was found that if the resting tension 
was increased from 20 ‘to 80g thé twitch tension increased by between 


100 and 250g. With greater increases of initial tension the twitch tension 
9—2 
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of some muscles slowly declined, whereas with other muscles it remained 


constant, or continued to increase slightly up to a maximal value at 400-500 ¢ — 


initial tension, above which it declined. Typical results are shown in Fig. 1. 
In some experiments the temperature of the muscle was varied and a series 
of twitches recorded at each temperature. When the temperature was lowered 
from 35 to 25° C the tension was increased by 100-200 g, i.e. 30-50 % (Fig. 2). 
This change is somewhat less than that found by Walker (1949) for a similar 


change of temperature. He, however, was working on male rats which appear — 


to have exerted greater tensions per g muscle than ours. 


800 - 
700 
600 + * 
GH 
500 
= 300 
200 
100 
100 200 300 400 
Initial tension (g) 


Fig. 1. Twitch tension responses to changes of initial tension. In this and all subsequent figures 
the solid dots represent results obtained from a growth hormone-treated muscle (GH) and 
the open rings those from its control (C). 


Summation. The muscular summation curve was plotted by introducing 
a second stimulus of 10x maximal strength at varying time intervals after 
the first supramaximal stimulus. In almost every experiment the shortest 
interval of time between the two stimuli which resulted in an increase of 
twitch tension was constant at a value of 0-8 msec, the absolute refractory 
period. A few muscles were found in which the absolute refractory period was 
as short as 0-6 msec or as long as 1-0 msec. Maximum summation occurred 
at about 10 msec separation and sometimes lasted until the two stimuli 
were about 30 msec apart. With greater intervals the degree of summation 
declined. 

As with single twitches, the maximum summated tension was variable from 
one muscle to the next. The mean for twenty experiments was 748-43 + 37-70 g 
tension, showing an increase of 80-2 % over the average tension developed in 


the single twitches. The results obtained from one pair of rats are shown in | 


Fig.3. 
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Tetanus/twitch tension ratio. The nerve was stimulated with repetitive shocks 
at increasing frequencies. Stimulation lasted for not more than 3 sec, and the 
preparation was allowed to rest for at least 2 min between recordings. The 
linearity of the muscle tension in relation to the frequency of the tetanizing 
stimulus up to fusion frequency was demonstrated (cf. Adrian & Bronk, 1929). 


600 
550 


— 


Twitch tension (g) 


Sr 


i i 
25 30 35 
_ Temp. (°C) 


Fig. 2. Effect of changes of temperature on twitch tension. 


Separation of stimuli (msec) 
Fig. 3. Two summation curves relating the tension developed by the muscle to the interval 
between two successive stimuli. Tensions developed are plotted as percentages of the maximal 
twitch tensions which are regarded as 100 % in each case. 


Fusion frequency was usually reached at some value between 30-50/sec and 
resulted in a tetanus of 1200-3000 ¢ tension (mean 1660+74-1) (Fig. 4). 
At higher frequencies the tension developed was usually smaller. The tetanus/ 
twitch ratios obtained from these experiments were usually about 4, varying 
between the limits of 2-8-5-0. | 

Fatigue. The nerve was stimulated at a frequency of 100/sec. This value was 
high enough to produce a fully fused tetanus without being so high that 
a reduction of maximum tetanic tension resulted. Stimulation was continued 
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for 10 sec, after which the preparation was allowed to rest for 15 min to 
recover. The results were plotted as percentage of the maximum tetanic 
40-60 % after 10 sec. | 


Effect of growth hormone 


All these experiments were performed on both rats of several pairs and the ° 


results given are the mean values obtained. In Table 1 the figures from the 
growth hormone treated animals and their controls are shown separately. 


3200 
2800 
2400 
2000 
1600 


Tension in g 


1200 


i j 
0 2 4 6 8 100 120 140 160 180 200 
Frequency of stimuli 
Fig. 4. Two typical tension responses to variation of stimulating frequency. 


TABLE 1. Muscle tensions, normal and after treatment with growth hormone 
Mean 


Mean Difference Degrees 
means of 
(GH) (C) (GH-—C) t freedom _ Significance 
Twitch tension in 4101 +449 4200+ 323 - 10-75 1-637 149 
tention in. muscle 1602 4140 22314143 539 952 149 
Summation 721 16 +50 530 10 
Summation tension in g/g 208 ++206 389 +216 910 2-731 10 
Tetanic tension in g 1490 +808 1918 +1608 —4279 3-248 26 
Time to fall by 30 % 422+ 0129 4794+ 0356 — 057 1-173 11 
% fall after 9 sec 4173+ 028 4404480 0-176 14 
The results given are mean values of errors of the mean values. ¢ tests were 


from each muscle. 


It can be seen that although the treated muscles were 15-40 % heavier, and 
had fibres 6-20 % greater in cross-sectional areas than their corresponding 
controls, the tensions they produced were no greater. The tetanic tensions 
developed by the control muscles were, indeed, significantly greater than those 


of the treated. When the results were expressed as g tension/g muscle those — 


from the controls were significantly higher than those from the treated animals 
in all cases. No correlation could be obtained between the percentage increase 
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in weight when treated with growth hormone, and the reduction in g tension/g - 
muscle, 


DISCUSSION 


In none of the experiments we have described have we been able to detect any 
increase in the performance of the hypertrophied muscle. Indeed, when 
expressed as g tension/g muscle the figures obtained from the treated muscle 
were significantly lower than those from their control counterparts. We 
considered that if any change had occurred as a result of growth hormone 
treatment, it would have appeared in at least one of the properties we have 
investigated. The fact that the control muscles produced a significantly 
greater tetanic tension, even when uncorrected for muscle weight, than did 
the treated muscles suggests that the new substance laid down was not itself 
contractile material and actually impaired the efficiency of the contractile 
mechanism. We were admittedly unable to record the contractions of muscles 
stimulated directly, since it is not practicable to excite maximally and to 
record from such a large muscle as quadriceps lying in situ with an intact blood 
supply. The deficit in tension found in the hypertrophic muscles might have 
been due to defects in transmission at the neuromuscular junction or to 
changes in the propagation of the contraction wave from its origin at the 
motor end-plate. This point could only be settled by using a muscle suitable 
for comparing the effects of excitation through its nerve with those produced 
by direct stimulation at one end and ‘all-over’ with multiple electrodes. Some 


have given results suggesting that the hypertrophic muscles may, with direct 

stimulation, develop greater tensions than do control muscles similarly 

| stimulated. Whatever may be the outcome of these experiments, our present 

findings provide adequate evidence that the hypertrophy resulting from 
treatment with growth hormone does not confer any functional advantage on 
those muscles of the limb affected by it. | 


| SUMMARY 
1. Rats were injected with growth hormone and each was pair fed with its 
untreated control. | 
: 2. From the quadriceps muscle of each rat isometric records of single 
twitches, summated twitches, tetanus and fatigue were taken. 


3. In spite of differences in weight of up to 40 % between the two types of 
muscle, the treated muscles gave less g tension/g muscle weight than the 
controls. 
| 4, Measurements of muscle fibre cross-section area revealed a 6-12 % 
| __ imerease in those from the treated animals. 


oa 
4 
‘uk 
19 
M4 
Ag 
wrt 
3 ag 
q 
4 4 
4 
a 
by 
| 
{ 
j 
4 
Ky 
‘ 


136 BRENDA BIGLAND AND BARBARA JEHRING 


Weare greatly indebted to Dr A. L. Greenbaum of the Department of Biochemistry, University 
College, London, for providing us with the rate treated with the growth hormone which he made 
for this purpose. 

Our thanks are also due to Mr N. W. Please of the Statistics Department, University College, 
London, for his assistance in the statistical analyses and in the computation of the table. 

We wish to express our gratitude to Prof. F. G. Young of the Biochemistry Department, 
Cambridge, for interesting us in this problem in the first place. | 
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THE MICROPHONIC ACTIVITY OF THE LATERAL LINE 
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One of the present authors (de Vries, 1948) found three years ago that electrical 
voltages could be recorded from the lateral lines of fishes when these organs. 
were excited by water currents. This electrical activity is not a nerve response 
but is identical with the well-known microphonic activity of the cochlea 
(“Wever and Bray effect’) and the other labyrinth organs. 

The study of the response of the lateral lines is not merely an extension of 
the important work that has been done on the cochlea, For obvious mechanical 
and anatomical reasons the lateral line organs are more suited for investigations. 
of the microphonic activity than the labyrinth organs are; the ontogenetical 
relation between all these organs implies that the fundamental properties found. 
from the study of one special organ will also be true for the other organs. With 
| respect to this a fundamental problem is the way in which the mechanical 
¥ — stimulus finally gives rise to the excitation of the sensa, cells. | 

In some previous papers de Vries (19484, b, c) suggested that the microphonic 
activity of the labyrinth organs had a functional meaning. The mechanical 
energy was supposed to be transformed into electrical energy which could 
be concentrated on the sense cells in an efficient way. As an extension of the 
4 theory it was suggested that this transformation could take place in the 

tectorial membrane (or in the cupula). Anticipating the results of the present 
study of the lateral line we might say here that we have disproved this exten- 
sion. The voltages are not generated by piezo-electric properties of the cupula, 
but they are related in some way to the stretching of the hairs on the sense cells. 
The present work also gave information about the functional significance of 
the microphonic activity. 


Anatomical and histological description 
The first descriptions of the lateral-line organs were given by Leydig (1850, 
1851) and by Schulze (1861, 1870), according to a survey by Dijkgraaf (1933). 
One lateral-line organ consists of a group of sense cells, generally called hair 
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cells, which are covered together by a jelly-like cap, the cupula (see Fig. 1). 
Sometimes the cupula projects free into the water, sometimes a proportion of 
the organs are in a canal covered by the skin. In both cases water movements 
give rise to forces acting on the cupula and these cause excitation of the sense 
cells in some way or other. 

The lateral lines on the head of the ruff (Acerina cernua) are relatively large 
and therefore are most suited for our work.* One finds about forty organs on 
the head and gill covers, but only four on the top of the head could be used. 
It is shown in Fig. 1 that the organs are of the type that are placed in canals 
covered by. the skin. Moreover, they are protected by bony “bridges’ which 
have been removed in the left canal of Fig. 1c. Fig. 1b shows that the cupula 
fits rather closely in the canal. 


4 b 
Fig. 1. Schematic drawing of the head of a ruff and one sense organ. a, vertical section, direction 
head-tail. The hairs of the sense cells seem to project into the striations. 6, vertical section 
perpendicular to the plane of a, showing horizontal striations in the wall of the cupula. 
_ ¢, head of the ruff, The skin has been removed from the canals. From the left canal the bony 


bridges above the cupula have also been removed. The canals communicate just before they — 


go downward along the edges of the gill covers. 


Histological description. The cupula is a transparent, nearly invisible, jelly- 
like structure. In the literature (see Dijkgraaf, 1933) we did not find much 
information about its histology. We therefore tried to apply the methods that 
were also used by one of the present authors (de Vries, 1949) on the tectorial 
membrane of the cochlea. 

Frozen sections in several directions were made from organs embedded in 
gelatine. Some of the material was fresh and some was fixed in formalin or 
_ Bouin’s solution. The striations which are visible in the fresh cupula were not 

found in the sections. On the contrary, this technique, which gave very good 
results for the tectorial membrane, gave only a micellar structure in the cupula 
which was hardly different from that of the surrounding gelatine. The pro- 

jections of the sense cells which are generally called ‘hairs’ were little lumps 
_. of material. We have not observed them in the living state, where Schulze 
described them as short hairs about 14. long. | 

Double refraction. We found that the cupula showed negative double re- 
fraction with respect to the striations. This means that if light propagates itself 
* We have to thank Prof. Dr 8. Dijkgraaf for drawing our attention to this fish. 
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perpendicular to the cupula, the component which is polarized in the direction 
of the striations is faster than the other component. Generally the second 
component is faster in biological structures (positive double refraction). 

The wall which surrounds the cupula of the ruff (see Fig. 1) shows a less 
pronounced fibrous structure. It can be removed from the cupula and was 
found to show positive double refraction. Obviously this wall is different from 
the cupula proper and we believe it to be only a supporting tissue. Indeed, 
removal of this wall had no influence on the electrical effects (see p. 145 below). 

Speerfic gravity. The specific gravity of a cupula was determined from the 
velocity at which it settles in water. We found p=1-01 with a possible error of 
0-002. We tried to obtain a more accurate result from its settling velocity in 
a salt solution with a density of 1-01, but after some seconds the cupula began 
to fall in this solution with the same velocity as in pure water.. Evidently the 
diffusion of salt into the cupula, at least when it has been removed from the 
fish, is nearly complete in a few seconds. 


APPARATUS AND METHODS 


Stimulating devices. We have studied only periodic motions of the cupulae, which were brought 
about by water-currents. The final measurements were made with the apparatus shown schema- 
tically in Fig. 2. Since it proved to be essential to have very pure sinusoidal movements the piston 
and the cylinder were attached to a large tuning fork. The amplitude was determined from the 
voltage of the system M, (see Fig. 2). The relation between amplitude and voltage was calibrated 
by measuring the electrical output for one frequency and one amplitude of the piston. This 
amplitude could be determined by a microscope directly. It never exceeded about 0-1 mm. 


Fig. 2. Stimulating arrangements. L: lead blocks on the tuning fork, by which the frequency 
can be varied in steps from 12-5 up to 48 cyc./sec. M, and M,: magnets with moving coils 
from an electrodynamic loudspeaker. M,, driving coil; M,, pick up coil for measurement of 
amplitude and phase. C and P: cylinder and piston (width 6 mm.). 0 and W: oil and water, 
separated by a thin membrane. B: stopcock. When B is opened, @ constant current of water 
flows over the cupula. The velocity of the current depends on the width of the narrow tube N. 
7: glass tube; width 10 mm., narrow end 4mm. D and &: ground electrode and pick up 
electrode. 
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The voltage of M, was also used for the phase measurements, since the voltage induced in the 
coil is in phase with the velocity of the tuning fork. This means that the voltage goes through zero 
when the tuning fork is in one of its extreme positions, etc. We have studied possible sources of 
phase-shifts between the motion of the tuning fork and the water close to the fish (air bubbles, 
clearance of the piston in the cylinder, etc.). Finally it was checked by stroboscopic illumination 
(see below) that the water at the outlet of tube 7’ moved in phase with the tuning fork. 

Stroboscopic illumination. For inspection of the motion of the water and especially of the cupula, 
stroboscopic illumination was used. A block diagram of this apparatus is given in Fig. 3. It is 
shown there that one a.c. generator feeds all the devices used, so that all parte have the same 
frequency and a constant phase-relation. The neon flash-lamp gives one short flash of light in 
each period of the vibration so that the observer sees the moving system always in the same 
position (and apparently at rest). He can adjust the moment of the flash, however, by turning the 
knob of the phase-rotator. For each revolution the system observed seems to perform one vibra- 
tion. The peak on the sine-wave generated by the coil M, (see Fig. 3) gives the moment at which 
the light-flash appears, relative to the motion of the tuning fork. Rotation of the phase control 
makes this peak ‘ride’ over the hills of the sine-wave. The position given in Fig. 3 corresponds to 
zero voltage in M, and this means maximum deviation of the tuning fork. In fact, this is observed 
when the tuning fork is illuminated by the neon lamp, for this adjustment of the phase of the 
flash. The neon tube is ring-shaped in order to fit around the objective of the microscope. In that 
position the field is illuminated from all sides. pyle 


Synchronization Oscillograph 
of 


a.c. 


UL 
S @) 
Phase-shift Neon-tube 
Fig. 3. Block diagram of the circuit providing for stroboscopic illumination. 


Recording devices. The amplifier was a simple R—-C coupled amplifier for low frequencies. It was 
checked by square-wave signals that the amplifier gave a constant amplification without phase- 
shifts at the frequencies studied. This is indicated by the fact that the curve on the oscillograph 
screen is a true reproduction of the input voltage. 

The electrode was an enamelled copper wire (about 0-1 mm.) which was insulated except for 
a small point of about 0-1 mm. Since the electrodes also tend to give a phase shift at low 
frequencies the grid leak of the amplifier was omitted; moreover, the absence of phase shift was 
checked by connecting the electrode D in the tank which normally earthed the fish (Fig. 2) to the 
calibrating voltage. A square-wave was still reproduced without distortion. 

Operative technique. The majority of the measurements were made on free organs, i.e. organs in 
canals from which the skin and bony bridges had been removed. This operation is partly illustrated 
by Fig. 1c. First the skin is cut with a knife and removed with a pair of forceps. Then the bony 
bridge is cut at both sides of the canal and removed. It is nearly impossible to avoid causing some 
damage to the organ. Sometimes the damage is invisible whereas the electrical output has nearly 
gone to zero. Very often the organ recovers in the course of some hours, After about 24 hr. there 
are only two possibilities: the cupula has disappeared or the organ gives a measurable electrical 
effect. Unless the fish dies, the same organ can be studied for weeks. The operations are easier 
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when the cupula is made visible with powder of ZnO. This powder is suspended in water which is 
brought into the canal with a small pipette. Some of the powder settles on the cupula and adheres 
very well. 

The fish-holder. The fish (length between 10 and 15 cm.) was tied on a glass strip with a conical 
tube in its mouth to prevent it from slipping out in a forward direction. Through this tube also 
water was supplied for the artificial respiration of the fish (about 10 ml./min.). In this way we 
were able to stop the respiratory movements of the fish. This was essential for the measurement 
of small displacements of the cupula, since these amounted only to a few microns. 

The microscope. In order to avoid the influence of small ripples on the water, the amplitude of 
the vibrating cupula was determined with the objective immersed in the water. The objective 
should not interfere with the water-currents, and at least the interference should be the same when 
the objective is focused on the top of the cupula or on its base. This was checked by the fact that 
the amplitude and the phase of the output of the organ remained the same when the microscope 
was focused on different points. The magnification was about 250. 


RESULTS 
Electrical measurements 

For the present work more than 300 fishes have been used but, of course, 
most of the early measurements only indicated that the apparatus had to be . 
better adapted to the problem. . 

In the first measurements spurious electrical effects originated from various 
diffusion potentials, especially at the outlet of tube 7’, at the electrode EF and 
at wounded regions of the fish, e.g. when the cupula or even the whole organ 
had been removed. These spurious voltages have the same frequency as the 
water-current; therefore they are easily distinguished from the microphonic 
potentials which have, for the lateral line, the double frequency. Moreover, 
they are well below 1V. when suitable precautions have been taken. 

Unless stated otherwise, all measurements were made on free organs, i.e. 
organs from which the skin and the bony bridge had been removed. The output 
from organs under normal conditions is generally larger, on the average about 
3 times. This is partly caused by the organ being damaged by the operation 
(see p. 140 above). The electrical situation after the operation, however, is also 
less favourable than before. The skin shields the canal from the surrounding 
water which is grounded. The shielding action is demonstrated by the fact that 
no electrical changes can be detected on the skin. The electrode has to be 
brought into the canal through a small hole. Furthermore, the normal situation 
is more effective from a purely mechanical point of view. 

Amplitude of electrical effects. The output depends on the distance of the 
electrode from the centre of the epithelium; it decreases with increasing 
distance. At about 1 mm. from this centre (and in all directions) the output 
is still at least one half of its value very close to the organ at the base of the 
cupula. This fairly large spread of the output of one organ makes it necessary 
to destroy the adjacent organs if the organ studied has a small output. In the 
normal measurements the electrode was always close to the cupula. 
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We have measured the output for a large number of organs for various — 


frequencies and amplitudes of the water-currents. Finally it turned out, how- 
ever, that the results were not very consistent and that the relations became 


more simple when the amplitude of the cupula was used as the variable and 


not the amplitude of the water-currents. There is a relation between these two, 
but this relation proved to be more complicated than we expected at first 


(see p. 149 below). The sets of results represented in Fig. 4 were obtained from 


fishes where we also measured the amplitudes of the cupula. 


Fish 11 
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Fig. 4. Output of some organs for various frequencies and amplitudes. Note the different scales 

for fishes 10 and 11. V =effective (r.m.s.) voltage. A, frequency 48 cyc./sec.; (1), 37 cyc./sec. ; 

O, 21 oyc./sec.; x, 14 cyc./sec. Curves a and b correspond to the first and the second day 
respectively (see text). : 


Effect of conductivity of surrounding water. The majority of the measurements 
were made in water from the mains (specific resistance 1400Q. cm.). Filling 
the tank with distilled water or saline solutions proved to have a reversible 
effect on the output measured. The effect did not depend on frequency or 
amplitude. Moreover, wave-form and phase were independent of the con- 
ductivity of the surrounding fluid. In distilled water the voltages were found to 
increase by a factor of about 3; in a 0-5% NaCl solution (specific resistance 
95Q. cm.) the voltages decreased by a factor of about 10. 

Phase and wave-form. The most remarkable feature of the electrical response 
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is its wave-form. It is not exactly sinusoidal, and its frequency is twice the 
1 frequency of the water-current at all amplitudes and all frequencies (14 cyc./sec. 
up to 600 cyc./sec.). The high frequencies were obtained from tuning forks 
which were pressed against the tank. The same wave-form was also obtained 
from four cupulae on the head behind the four which were generally studied, 
and from two smaller organs in front of these ones. . 

The phase relations and the wave-forms do not depend on the position of 
* the electrode. For the phase, this fact is most obvious when the water move- 
ments are not exactly sinusoidal, so that the two peaks of the double wave are 
~ different. This makes it possible to recognize each peak, and even then the same 
wave-form is found on all sides of the cupula. | 
‘ Phase relations between the electrical output and the velocity of the water- 
% current (or tuning fork) can be found from Fig. 5 (curves 1-4). More important, 
however, is the relation between the microphonic activity and the motion of 
the cupula itself. In order to determine this we have to make two measure- 
ments: the phase of the microphonic activity relative to the tuning fork, and 
(afterwards) the phase of the cupula relative to the tuning fork. This last is 
always found from the output of coil M, in Fig. 2. We always checked that the 
‘phase relations did not change during the experiment. In a few cases they did. 
es As a typical example we have given here fish 10. On the second day the cupula 
was very soft. Its mechanical phase was about 60° behind the phase on the day 
before. It was interesting, however, that the phase of the electrical output 
had changed in the same way. This meant that the relation between the micro- 
phonic activity and the motion of the cupula had not altered. In the course of 
_ the second day even this relation changed a little. 

Some results are summarized in Table 1. A phase difference zero means that 
the negative peaks coincide with the maximal deviations of the cupula. At 
, the lower frequencies the negative peaks come earlier. The possible error is 

between 5 and 10°. It mainly arises from the error in the measurement of the 
mechanical vibration. 


TaBLE 1. Phase difference in degrees between the mechanical motion and the electrical output 
4 (see text). A phase angle « means that the negative peak of the microphonic is «° ahead 
of the corresponding maximal deviation of the cupula. : 

Frequency (cyc./sec.) 


Fish 48 37 21 14 

4 0 22 76 _ 

5 20 16 66 — 

10 0 40 

4 ) 11 0 5 76 60 
18 0 40 50 70 


Recording from below organ. It is possible to bring the electrode under the 
_ organ by making a small hole in the tissue which covers the bottom of the canal. 
One finds that the sign of the voltage reverses when the electrode is pushed 
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through the hole (Fig. 5, curves 5 and 6). Apart from the reversal of sign, the 


shape of the curve remains the same. The voltages measured here are about ° 


Fig. 5. Oscillograms, Negative voltage corresponds to downward deviation. The ruff studied here 
was not used in other experiments. Curves 1-6 and 10-13: frequency of time base equal to 
the frequency of the input (in general the tuning fork). Curve 1 represents the velocity of 
the water-current; curves 2-4 output of the organ at frequencies of 48, 21 and 14 cyc./sec. 
Curves 5 and 6: 48 cyc./sec. In curve 6 the electrode under the organ, in curve 5 in the normal 
position. Curves 7-9: 48 cyc./sec. Time base at 24 cyc./sec. In curve 7, normal output. In 
curve 8, the cupula had been deformed a little and in curve 9 the displacement was still 
somewhat larger; one of the peaks disappears. Curve 10: microphonic activity of the sacculus 


nN 


equivalent circuit (see text, p. 152). 


one-half of the voltages at the other side, maximum output being found just 
under the organ. | 


of a perch. Tuning fork 128 cyc./sec. Output 256 cyc./sec. Curves 11-16: output from the- 
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Measurements on deformed and damaged cupulae. The wave-form can be 


_ altered in a reversible way by deforming the cupula. If it is bent forward by 


a stream of water, by a fine glass wire or by the electrode itself the peak which 
corresponds to the backward displacement of the cupula disappears (see Fig. 5). 
The other peak disappears when the cupula is bent backward. A very large 
displacement. suppresses the whole microphonic activity. The constant dis- 
placement which is necessary to suppress one peak depends on the amplitude 
of the vibration. Thus we found for fish 6 at 48 cyc./sec. that displacements of 
16, 9 and 6 yw. were necessary for amplitudes of 3, 2 and 1 y. respectively. For 
all organs investigated in this way, the constant deviation had to be larger 
than the amplitude of the vibration. The wave-form remains the same for all 
positions of the electrode. 

We have also tried to bring the electrode into the cupula close to the 
epithelium, Even this had no influence on the wave-form, at least when 
the electrode did not displace the cupula. 

Removal of the ‘wall’ around the cupula (see Fig. 1) did not affect the 
electrical output. 

More important were some measurements in which part of the cupula was 
removed. This was done with a red-hot platinum wire or by cutting it with 
a small knife. Especially the latter procedure generally damaged the whole 
organ so that we had to wait some days until it had recovered. We could 
remove the upper part until at most one-third of the cupula was left. Even 
then the same wave-form and phase were obtained. Generally the amplitude 
came back to the original value after some days. 

Effect of temperature. Measurements were made at temperatures varying 
from 1° up to 26° C. (temperature of the water close to the cupula). No change 
of magnitude or wave-form of the electrical output was found. This is true for 
nearly maximal stimulation as well as at lower intensities. 


Mechanical measurements 
Elastic properties of the cupula. It was found that the force which had to be 
applied close to the top of the cupula in order to give a displacement of 100 p. 
varied from about 2:5 to 10 dynes for different cupulae. The force was deter- 
mined from the bending of a copper wire (0-13 mm. thickness, about 10 cm. 
length) which was pressed against the cupula. These figures refer to organs — 
which were in a good condition. A cupula which does not give much electrical 
output is generally very soft. This is generally the beginning of complete 
destruction of the organ. 
Displacement of cwpula by constant water-currents. In several series of experi- 
ments the displacement of the cupula by a constant water-current was 
determined (Fig. 6). The position of the glass tube T (Fig. 2) was the same as 
for alternating currents. | 
PH. CXVI. | : 10 
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Especially for the larger velocities the cupula ‘creeps’ still somewhat farther 
in the course of some seconds after the immediate initial displacement. Gener- 
_ ally this creeping is more pronounced for soft cupulae (see fish 5, Fig. 6). The 
displacement of the base of the cupula is between about 0-25 and 0-40 times 
the displacement of the top. Evidently there is a bending as well as a displace- 
ment of the cupula as a whole. 


4” A 


i 


10 20 30 


——> Velocity (cm./sec.) 
Fig. 6. Displacement of the top of the cupula for different (constant) water-currents. 
For fish 5 the heads of the arrow: give the displacements after a few seconds. 

The mobility of the base of the cupula is very obvious when the cupula is 
moved by a thin wire which is pressed against its base. It is very interesting 
to see how: the cupula moves and even rotates a little (about a vertical axis) 
over the bottom of the canal as if it were free, while in fact it is fixed to the 
bottom at least by the wall. _ 

Displacement of cwpula by alternating water-currents. The amplitude was 
determined by making use of stroboscopic illumination, as described under 

Methods. Within the limits of error the amplitude of the cupula proved to be 
proportional to the velocity of the water. Therefore we have given in Table 2 the 
amplitude for a velocity of 1 cm./sec. This is the mean velocity of the water at 
the outlet of the tube 7, at the moment that the sinusoidal current has its 
maximum velocity. The actual displacements of the cupula can be found from 
Fig. 4. Amplitudes below 1 y. in Fig. 4 and Table 2 were not measured directly, 
but were calculated from the displacement in faster currents, assuming propor- 


— between the amplitude of the cupula and of the water-current (see 
above). 
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These data refer to the amplitude of the top of the cupula. The amplitude 
of the base is between 0-3 and 0-5 times the amplitude of the top. The distance 
between points on the cupula which moved and points on the bottom of the 
canal which were at rest was very small. 


TaBLE 2. Amplitude of the top of the cupula for a velocity amplitude of the periodic water-current 
of 1 cm./sec, Fish 10a: first day. Fish 10): second day. See also Fig. 4. Amplitudes expressed 
in microns (0-001 mm.) 


Frequency (cyc./sec.) 
Fish 48 37 21 

4 1-4 1-2 0-5 

5 2-5 1-4 0-5 
106 3-5 3-0 1-2 0-8 
ll 0-32 0-30 0-1 0-075 
18 13 — 0-5 0-32 


Phase measurements. The phase relation between the motion of the cupula | 
and of the tuning fork is not of direct importance. Therefore we give here only 
the mean result of our measurements: the phase of the displacement of the 
cupula is 45° in front of the velocity of the water-current. This means that the 
cupula is already moving backward when the water has not yet reached its 
maximum velocity in the direction tail-head. At 14 cyc./sec. the phase 
difference was somewhat smaller. The phase relation did not depend on the 
amplitude, and the phase at the base of the cupula was the same as at its top 
within the limits of error, which were between 5 and 10°. | 


DISCUSSION 
| Mechanical measurements 
The present discussion is mainly meant to show the general consistency of 
the data obtained in the foregoing section. Various details of the calculations 
have been omitted since they. would require too much space. Moreover, they 
are merely an application of the common theory of vibrating systems and of 
hydrodynamics. The main difficulty arises from the fact that the possible error 
in some of the data is fairly large. : 


Theory. Considering the cupula as a vibrating system, three constants are important: its mass 
the stiffness and the friction. The mass m is easily found from the dimensions. For the vibrations, 
however, we have to add the mass of part of the surrounding water. This makes the total effective 
mass about 0-5 mg. In general the force K which is necessary to give a displacement u is propor- 
tional to «, or K =fu. The factor f is called the stiffness of the cupula; its value will be calculated 
below from the experimental data. Finally, the friction is proportional to the velocity of the system. — 
The force for a velocity of 1 cm./sec, is denoted by 6. 

From m, f and 6 the behaviour of the system can be predicted. The resonant frequency ™, equals 
(f/m)t/2. For low frequencies the amplitude equals P/f, where P =amplitude of the periodic force. 
For frequencies close to the resonant frequency the amplitude depends only on b. One value of 
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b is of special interest, namely the value which gives the so-called critical damping. A critically 
damped oscillator returns to its equilibrium position as fast as possible without overshooting it. 
In order to get this optimal damping 6 should equal 2 +/(fm). The critically damped oscillator has 


a flat response curve to periodic forces, i.e. there is no sharp and high resonance peak but the 


amplitude at the resonance point is P/2f. At low frequencies the displacement is in phase with 
the force; close to the resonant frequency the displacement is 90° later than the force. 

Stiffness of the cwpula. From the definition of f, combined with the measure- 
ments given on p. 145, we find that the stiffness of the cupulae varied from 
250 to 1000 dyne/cm. | | 

Displacement by constant water-currents. The force which acts on a cupula 
in a water-current can be calculated approximately by considering it as one- 
half of a sphere. From the well-known law of Stokes one finds that the 
force K equals 7 x 10-* v dynes, where v is the velocity of the water in cm./sec. 
For large velocities Stokes’s law no longer holds, but a further analysis shows 
that it is still a good approximation at the velocities used in our experiments. 

The displacement caused by the force K is K/f. Assuming f= 250 dynes/cm. 
(see above) we would expect that a water-current of 1 cm./sec. would give 
a displacement of 0-28 ». and, furthermore, that the displacement would be 
proportional to the velocity v of the water-current. Indeed we believe that the 
deviations from linearity in Fig. 6 are.not large enough to suggest a deviation 
from the theory. But the mean displacement for v=1 cm./sec. is 1 y. instead 
of 0-28 ». We do not believe that the difference can be completely due to the 
possible errors in our calculation. At least part of the discrepancy must be due 
to the fact that K is not exactly proportional to the displacement. Now f was 
calculated from measurements in which the displacement was 100 y. The dis- 
placement by the water-currents was much smaller and it is quite possible that 
the stiffness is smaller for these deviations. For the rest of the discussion we 
shall assume f to be 125 dyne/cm. 

Displacement by periodic water-currents. Before we can start with this dis- 
cussion we have to explain one apparent discrepancy. As stated on p. 147 above, 
the phase of the displacement of the cupula is 45° ahead of the velocity of the 
water-current. Since the force is in phase with the water-current this would 
mean that the cupula is ahead of the force. This is impossible, however, for 
any vibrating system; it can only lag behind in phase. This occurs at higher 
frequencies (see the theory). We have been able to remove this difficulty by 
considering the water-current in more detail. For the motion of fluid between 
parallel plates we could solve the problem rigorously; here we found a phase 
shift of 45° between the current at the plates and farther in the fluid. These 
calculations will be published in more detail elsewhere, since they are also of 
interest from the hydrodynamical point of view. The motion of the tuning 
fork gives us the phase of the main part of the water-current. The cupula, 
however, is driven by the thin layer close to the surface and the phase of this 
layer is about 45° ahead of the phase of the rest of the water. As the frequency 


fr 
18 
0 
‘tl 


eat 
0 
é 
» 
> 
A 
-! 
. 


MICROPHONICS OF THE LATERAL LINE 149 


is reduced this phase shift approaches zero at a few cycles per second, depending 
on the dimensions, etc. 

Inserting the values of f and m found above in the formula for the resonance 
frequency xe find 80 cyc./sec. as an average value. Evidently this frequency 
is well above the highest frequency studied (48 cyc./sec.). Indeed the majority 
of the cupulae were still 45° ahead of the water-current even at 48 cyc./sec. 
Only the soft cupula of fish 10 (see p. 143 and Table 2) was later; this indicates 


that its resonance frequency was close to 48 cyc./sec. 


Finally, we consider the amplitude of the cupula. Comparing Fig. 6 and 
Table 2 we find that at 14 cyc./sec. the amplitude is nearly equal to the dis- 
placement in the same constant current. Perhaps the latter is somewhat 
larger, as a result of the creeping of the cupula (p. 146). With increasing 
frequency the amplitude increases appreciably. Even if the damping of the 
cupula were zero the increase would be only a factor 1-6 (from 14 to 48 cyc./sec.) 
for a natural frequency of 80 cyc./sec. In Table 2, however, one finds an increase 
by a factor of about 4. This discrepancy can be removed as follows. The 
calculations of the distribution of the water-current mentioned above predict 
that between parallel plates the velocity amplitudes close to the boundaries 
increase proportionally to the square root of the frequency for a constant 
velocity amplitude of the tuning fork. The real situation is more complicated 
and therefore we measured directly the amplitude of the water-current in the 
canal by observing small suspended particles. The velocity amplitude increased 
by a factor of 2-6, whereas the theory mentioned above predicted a factor of 
1-85. Since the force acting on the cupula will be proportional to the velocity 
of the water close to it, of the factor 4 mentioned above only 4/2-6=1-5 is 
really due to the cupula itself. | 

The number of steps involved in the calculation of this factor 1-5 is too large 
to base a calculation of the damping constant b upon it. We only wish to show 
that the cupula behaves as a simple (physical) system. The damping of the 
cupula cannot have been much less than critical, since even fish 10 (Table 2), 
which had a natural frequency close to 48 cyc./sec., gave the same increase of 
amplitude as the other fishes. From the formula given in the theory one finds 
for critical damping b=0-5 c.g.s. unit. So we shall assume that b=0-3 for the 
cupula, An indication that it will not be very much lower can be obtained 


from the fact that for the sacculus otoliths of the ruff (see de Vries, 1950) we 


found b=10 c.g.s. units. This otolith was also nearly critically damped. 


Electrical measurements 
The most interesting property of the electrical output is its double frequency. 
We have seen that the frequency of the vibration of the cupula was equal to the 
frequency of the water-current. Therefore, the double frequency of the electrical 
response is a property of the organ itself. We recorded similar double curves 
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from the sacculus of a perch (Perca fluviatilis) (see Fig. 5). Measurements of 
this microphonic effect of the sacculus have already been made by Zotterman 
(1943). Though he does not discuss the frequency of the recorded potentials it 
is evident from the curves given in his article that the second harmonic was 
very strong. Indeed, in our measurements, the wave-form depended on whether 
the otolith was displaced already by the electrode or not; we could suppress 
more or less completely one of the two waves by the orientation of the 
electrode. 

The measurements on the deformed cupula suggest that the double wave 
should be interpreted as two negative (downward) peaks. One of them corre- 
sponds to a forward and the other to a backward displacement. This interpreta- 
tion was also checked by some preliminary observations on the response to 
clicks, produced by tapping at the walls of the tank. Whatever the direction of 
the click, the response always began with a negative peak. Since the micro- 
phonic activity did not depend on the temperature it is very improbable that 
these negative peaks are due to a nerve response. We will discuss these 
problems in more detail on pp. 152-5, together with the phase relations. 

The relation between the amplitude of the vibration and the electrical output 
is demonstrated in Fig. 4. One finds that for a certain amplitude nearly the 
same voltage is generated whatever the frequency. Since a complete set of 
measurements takes a long time, the output sometimes decreased in the course 
of one experiment. Generally, 37 cyc./sec. was the last frequency studied, so 
that the corresponding points were often too low. A complete discussion would 
therefore require the knowledge of all details of the experiment. Our final 
conclusion is that there exists a small but unimportant decrease of the output 
with decreasing frequency. The amplitude of the vibration decreases appreci- 
ably with decreasing frequency and this is the reason why the output at low 
frequencies is easily masked by irregularities of the water-current (see Fig. 5, 
curve 4). 

For weak vibrations the output is proportional to the amplitude; for larger 
deviations the output finally shows a ‘saturation’—it approaches a maximum 
value. This maximum did not depend on the frequency between 14 and 
400 cyc./sec. A similar saturation is also found for the cochlea and for the 
other organs of the labyrinth. 

Finally, it is interesting to note that this maximal output is reached for an 
amplitude of about 10 ». This may seem to be a very small deformation, but 
probably the deviations of the cupulae in the semicircular canals are of the same 


order of magnitude under normal conditions. It follows from an analysis of — 


subjective measurements (see Groen & Jongkees, 1948) that the cristae of the 
semicircular canals act normally in all respects only up to an angular velocity 
of the head of about 60°/sec. It can be calculated that the displacement of the 
cupula is then about 10 p. 
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Comparison of mechanical and electrical energies 
From a simple calculation one finds that the mechanical energy dissipated 
by the organ equals $b (2nu)? erg/sec. Here m stands for the frequency and 
u for the amplitude, while 6 has already been defined as the frictional force for 
unit velocity. 
The electrical energy is more difficult to estimate, since we do not know what 
happens in the organitself. As stated on p. 143, the electrical effect has opposite 
sign above and below the organ. Therefore we can represent the organ sche- 
matically as in Fig. 7. The upper side of the internal source of e.m.f. (voltage 


Fig. 7. Electrical circuit of a lateral-line organ (schematic). 


¥,) is connected to ground by the resistance r,. The other side is grounded by 


an unknown resistance 7,. The voltage at Q is somewhat smaller than what is 
found above the cupula (VM) (p. 144), butit has the opposite sign. Furthermore, 


_ the ‘cell’ has an internal resistance r;. Since r, represents mainly the resistance 


of the bony bottom of the canal, both r; and 1, will be independent of the 
conductivity of the water in the tank. One easily calculates that 


Vitel (te +n), 


where 7, stands for 7,+7,. From the influence of r, on K (p. 142) one can 
calculate r,/r,. Indeed, one obtains two equations for this ratio. The fact 
that both equations give the same result indicates that we are really dealing 
with a simple ‘physical’ circuit.. One finds r, =2r,. Inserting this in the formula 
given above the final result is that the total electrical energy dissipated equals 
3V3/r, joule/sec. (For the voltages the effective voltage was always used.) 
From measurements on a model we found that r, was equal to about 30,0002. 
In Fig. 4, fish 11, we see that Vi equals 0-28u volt (wu stands for the amplitude 
in cm.) for 48 cyc./sec. The quotient of mechanical energy £,, and electrical 
energy E, now becomes £,/E,,=0-0055. For fish 10 we find for the same 
quotient about 0-01, but fish 11 represents better the average of the fishes we 
have studied. At lower frequencies (and the same amplitude u) the mechanical 
energy decreases proportionally to *, whereas the decrease of V is less 
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pronounced (p.. 150). So we find that the quotient ElEnm equals about 0-025 
for fish 11 at 14 cyc./sec. 

We conclude from our calculations that the electrical energy does not exceed 
' the mechanical energy. This is an important result, since it means that the 
organ need not provide any of the energy: the processes considered could be 
passive, i.e. simple physical processes. Because of the possible experimental 
errors, the proof is not complete. Moreover, we do not know the zero-line in 
Fig. 5 (this is a consequence of the properties of a.c. amplifiers). We have 
tacitly assumed the mean voltage to be zero. Assuming that the zero line goes 
through the upper tops of the curves—and this cannot be decided easily—the 
electrical energy would come out three times larger. Furthermore, there may 
be some short-circuiting in the organ itself, so that part of the electrical energy 
could have escaped from the measurements. 


The cwpula as the source of the voltages 

It was suggested in the introduction that the microphonics might arise — 
from piezo-electric properties of the cupula. We will prove now that this 
hypothesis is not compatible with the present measurements. 

The main property of the microphonic activity of the lateral line which gives 
difficulties is its wave-form. The electrical response of the cupula would have 
the same frequency as the water-current if it arose from piezo-electric pro- 
perties or other simple properties. It would be possible to explain the double 
frequency, however, as follows. 

If the top of the cupulais bent to the left, this part of the cupula is compressed, 
whereas the right-hand part is stretched. This means that voltages could be 
generated in the two halves which are in opposite phase. In order to attain 
the double frequency, a rectifying action of the epithelium has to be assumed. 
We then obtain what is called in electronics a full wave rectifier. Wave-forms 
from a circuit of this well-known type are given in Fig. 5. The resistances and 
capacities of this circyit were adapted to the problem. It is clear that even the 
flat tops appear in the model, together with the phase shift for lower fre- 
quencies (see Table 1). In order to obtain one single peak from a deformed 
cupula we would have to assume that the resistance of the epithelium changes 
after the passage of an electric current. This change of the resistances on one 
side is also simulated in curves 15 and 16 of Fig. 5. 

We shall not go into further detail since we believe that this model is not 
compatible with all our observations. There are two serious objections against it. 

(a) One must expect that close to the base of the cupula there would be 
some difference in wave-form between the front and the back parts since one 
side was compressed when the other side is stretched, and vice versa. But even 
when the electrode was brought into the cupula the same wave-form was 
obtained everywhere. 
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_ (b) Even when the greater part of the cupula was removed we obtained the 
same double wave. But such a low cupula is not bent. Its flat top is displaced 
parallel to its base. So our explanation would not apply to this case. 
Therefore we abandoned the hypothesis that the cupula generates the 
microphonics. 


The hairs of the sense cells as the source of the microphonics 


The objections made above do not apply to the following explanation. 
Moreover, it has the advantage that it suggests more relations between the 
various labyrinth organs. Finally, we — it to be of samt that the 
new model is very simple. 


Fig. 8. Illustration of the mechanics of the hairs (see text). 


Our idea is that the voltages are related to the tension in the hairs* on the 
sense cells, and that this tension is accompanied by a negative voltage at the 
upper side of the organ. Of course this idea is not new, but we believe that the 
following development is. 

Fig. 8 gives a schematic drawing of the cupula with the wall and the hairs. 
When the cupula vibrates we saw on p. 146 that part of its motion is a gliding 
of the cupula over the epithelium. A vibration up and down is impossible 
@ priori, since the upward motion would be accompanied by the creation of 
a vacuum, As a consequence of the gliding motion the hairs become longer 
both for displacements to the right and to the left (Fig. 8b). We see that AC as 
well as AC’ is longer than AB. So we get a negative peak twice in one vibration. 

This model also gives a very simple explanation of what happens when the 
cupula is given a constant displacement superimposed on the vibration 
(Fig. 8c). Now the hair is stretched only once in one period. When the constant 
displacement is larger than the amplitude of the vibration the hair is not 
stretched again in position C’. | 

As a further check we made some measurements on the effect of superposing 
a weak vibration with a high frequency on a vibration with low frequency (say, 
480 cyc./sec. on 48 cyc./sec.). The high frequency was applied by pressing the 

* When we speak about ‘hairs’ in this section we disregard all confusion which still exists here 
from a histological point of view. 


ig : 
4 
4 ~ 
/ 
/ 
SAY 
a b c 
i 
= 
a 


154 RENSKE JIELOF, A. SPOOR AND Ht. pve VRIES 


moving system of a loudspeaker against the tank. In Fig. 8 this vibration is 
indicated by EF =a, while we shall denote the displacement by the low 
frequency by u=BC. One easily finds that the amount by which the hair is 
stretched is au/l, where |= AB stands for the length of the hair. This means 
that the effect of the extra vibration is proportional to the deviation BC. This, 
indeed, is what we found by experiment (Fig. 9). The effect of the high fre- 
quency alone is very small and it has the double frequency. Superimposed on 
the other vibration its effect is very much larger in the extreme positions and 
it becomes very small again in the equilibrium position. The frequency of the 
output of this component is now equal to the frequency of the stimulus. The 
variation of the output is clearly demonstrated in Fig. 9, curve 4. 


\1 2 4 
Fig. 9. Curve 1: output for 48 cyc./sec. Curve 2: 480 cyc./sec. Curve 3: these two stimuli together 

with the same amplitudes as in curves 1 and 2. Curve 4: 400 cyc./sec. superimposed on 
20 cyc./sec. in a similar way: 

Closer inspection of the data shows some complications. The constant 
deviation which was necessary to suppress one of the negative peaks was larger 
than the amplitude of the vibration (p. 145); there is a phase shift between the 
electrical output and the mechanical motion at low frequencies (Table 1); 
and finally one would expect the output for small amplitudes to go to zero 
faster than the first power of the amplitude (Fig. 4). We believe that these facts, 
together with the flat tops of the curves, can be explained by assuming that the 
hairs can slip, i.e. that they are not connected rigidly to the cupula. This will 
be the subject of further study. 


Functional significance of the microphonic potential 

Combining the findings of the foregoing sections with some results obtained 
in other investigations it is possible to say something about the functional 
significance of the microphonics. First we have to assume that a displacement 
of the cupula from the equilibrium position has an excitatory (and not an 
inhibitory) effect. The second assumption is that the organ can be stimulated 
electrically by a negative electrode which is located above the organ. This is 
a well-known fact in labyrinth physiology. One of the present authors recently 
checked this and with special care by stimulating the ampullae of the semi- 


circular canals of the pike electrically. We intend to check the validity of these 


two assumptions for the lateral line organs studied in this article, ‘but we can 
safely assume that the result will be positive. 
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Then we can prove first that the microphonics cannot be generated in 
a structure which is above the structure which can be stimulated electrically. 
For this ‘generating organ’ would have to be negative on its lower side in 
order to give a stimulating voltage, whereas we find it to be negative at the 
upper side where we pick up the microphonics normally. Of course we tacitly 
assume here that the microphonic effect is not completely meaningless. From 
all measurements of the microphonic activity of the labyrinth one can safely 
conclude that it is at least as important as the electrical phenomena are for 
nerve activity. | | 

Consequently, the microphonics must be generated in the same organ which 
can also be stimulated electrically. This is the situation which is found in the 
excitation of nerves. The nerve is excited by the cathode and at the same time 
excitation causes negativity at the outside. In order to obtain a well-defined 
model (see also de Vries, 1948a) one can assume that the membrane between 
hair and sense cell is similar to the membrane which surrounds a nerve, but 
with a special sensitivity to mechanical excitation. The first step in the 
excitatory process would be a migration of (sodium) ions into the cell, thus 
creating the negativity one really observes. 

It is very important that the model is compatible with the conditions 
derived from a discussion of Brownian motion (de Vries, 1948a, b, c). For the 
effect of Brownian motion at one cell would be distributed electrically over 
the whole epithelium so that it could not give much trouble. In the case of 
a displacement of the cupula all cells would act together in pumping—more or 
less actively—sodium ions downward. Close to the absolute threshold the 
energy could be concentrated on the cell with the smallest electrical resistance 
(see also the introduction). : 

Application to the cochlea 

When the ear is stimulated by sound the cochlear partition bends up and 
down in the direction of the arrow in Fig. 10. When the tectorial membrane 
moves relative to the organ of Corti, the only possibility is a gliding motion. 
When the cochlear partition bends in the direction of the arrow, the tectorial 
membrane will glide over the organ of Corti to the left. This means that the 
hairs of the outer cells will be stretched. Since they are already in an inclined 
position they will be stretched only once every period. It is known that the 
microphonic activity has the same frequency as the incident sound. 

Moreover, the sign of the voltage is predicted correctly. An outward motion 
of the stapes causes an upward displacement of the cochlear partition and 
a stretching of the hairs. Consequently (see the foregoing section), we expect 
the voltages indicated in Fig. 10. It is known that the round window, which is 
connected to the lower half of Fig. 10, becomes positive when the stapes moves 
outward. | 
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Undoubtedly there is some meaning in the fact that the inner hair-cells are 
inclined in the opposite direction. They will be compressed when the outer 
hairs are stretched and vice versa. Up to now no special attention has been 
paid to this, and it would take us too far to discuss here all the possible implica- 
tions of this situation. It may perhaps be important for the localization of 
sounds as well as for the explanation of pathological cases. It is possible that 
also in the lateral line organs a proportion of the hairs are in an inclined 
position. Then some of the cells could react to forward displacements, whereas 
other cells could detect displacements in the opposite direction. On the average, 
however, the hairs are perpendicular to the epithelium. 


Fig. 10. Schematic drawing of the cochlea, with tectorial membrane 7’, inner and 
outer hair-cells (J and Q) in the organ of Corti, C. 

Finally we might point out that the arrangement of the outer cells is 
appropriate to protect them against damage. Even in uncivilized life the most 
important sources of damage are accompanied by an inward motion of the 
stapes. This, however, does not stretch the hairs. 

At present it is not possible to say very much about the semicircular canals. 
We only wish to mention that Vilstrup (1950) has found—by more difficult 
experiments than we had to do on the lateral line—that also in the semi- 
circular canals the cupula glides over the epithelium. 

| SUMMARY | 

1, The microphonic activity of the lateral line of fishes is similar to the micro- 

phonic activity of the labyrinth organs including the cochlea. It is emphasized, 


however, that the lateral lines are more suited for quantitative evaluations. 
After a short description of the anatomy and the histology of the organs 
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studied, measurements of the microphonic activity and of the mechanical 
properties of the motions of the cupula are given. , | 

2. The most striking property of the electrical response is that its frequency 
is twice the frequency of the exciting water-current (frequencies between 14 and 
600 cyc./sec.). 

3. Between 14 and 48 cyc./sec. the output depends only on the amplitude 
of the cupula and is independent of the frequency. 

4. The voltages above and below the organ are of opposite sign. 

5. The electrical energy produced by the organs is less than the mechanical 
energy dissipated. 

6. Since the voltages do not depend on the temperature (between 1 and 
26° C.) it is very improbable that they are of nervous origin. 

7. Other results disprove the hypothesis that they are generated in the 
cupula. 

8. The measurements give convincing evidence that the voltages are related 
to the tension in the hairs on the sense cells. All details of the experiments, 
including the ‘double frequency’, can be explained by this assumption. 

9. This explanation is found to be also compatible with what is known about 
the microphonic activity of the cochlea. 

10. The measurements make it possible to give the microphonic activity its 


_ place in the chain of processes in the labyrinth and in the lateral line. 


We have to thank Drs J. W. Kuiper for his help in the last part of the measurements, and 
the *Organisatie voor Zuiver Wetenschappelijk Onderzoek’ (Z.W.O.) for a grant which partly 
supported the present work. . 


Note added in proof. Recently von Békésy (1951) has studied the d.c. potentials in the cochlea. 


_ It was found that in the epithelium the potentials were about 100 mV. negative with respect to 


the potentials in the surrounding fluids. The smaller d.c. potentials which could be derived from 
the surrounding fluids decreased when the cochlea was stimulated by sound. This, and other 
details of that work, are in excellent agreement with the model developed above (page 155, line 10). 
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The increased sensitivity to applied acetylcholine (ACh) of effectors deprived 
of their cholinergic innervation has often been attributed to a decrease of the 
enzyme cholinesterase (ChE) in these tissues. Different organs exhibit various 
degrees of hypersensitivity. The greatest increase in response to applied ACh 
occurs in the case of skeletal muscle. Smooth muscle, glands, autonomic 
ganglion cells and neurones of the spinal cord and brain all develop less intense 
sensitization. Comparison of the post-denervation changes in ACh sensitivity 
and ChE activity, in such different structures, soon reveals a serious lack of 
quantitative correlation between the two. For instance, as Cannon & Rosen- 
blueth (1949) point out, the decline of ChE content in denervated ganglia, or 
spinal motor neurones, exceeds that in denervated skeletal muscle. _ 

In the case of muscle itself, marked differences between species are repo 


different authors. In toad sartorius, Feng & Ting (1938) found ChE concentra- 
tion decreased by 30% one month after denervation, but did not consider that 
a significant fall. Rat gastrocnemius has been studied repeatedly. Martini & 
Torda (1937) found a fall of ChE to less than one-half in 2 weeks. According 
to Stoerk & Morpeth (1944) the ChE falls by 30% in 4 weeks, and Meng (1940) 
described a slight fall, which he, however, did not consider significant. Marnay 
& Nachmansohn (1937) described a rise of ChE concentration im’ guinea-pig 
gastrocnemius to 150% of the normal level during the first post-operative 
month. Leibson (1939) did not observe the rise until the second week in rabbit 
soleus. From her summary, it appears that the concentration increases up 
to the sixth week. The level of ChE in rabbit gastrocnemius was measured 


* Present address: Department of Physiology, McGill University, Canada. 
+ Present address: Pharmaco-Therapeutic Institute, University of Amsterdam, Holland. 


but differences of the same magnitude are reported for the same species by © 


| 
a 
{ 
“oS 
§ 
Om 
> 
i 
i” 
| 
& 
| 
| | 
| ‘ 
| 
| 
‘ 


CHOLINESTERASE IN MUSCLE 159 


3 months after denervation by Rjabinowskaja (1940). She concluded that the 
enzyme concentration had increased, but the values cited do not support this 


statement. For guinea-pig skeletal muscle, Couteaux & Nachmansohn (1940), 


using the m. gastrocnemius, and Couteaux (1942), using the m. vastus lateralis 
and m, plantaris, found that the concentration of ChE rose during the first 


3 weeks after denervation but during this period of rapid muscle atrophy, the 
_ total enzyme content of the muscle was reduced to less than 50% of that 


present in normal muscle. A preliminary report by Sawyer, Davenport & 
Alexander (1950) cites an increase of ChE activity in denervated skeletal 


muscles of rats, rabbits and guinea-pigs. 


Unfortunately, none of the above data were reported in a manner amenable 


- to statistical analysis, and it is therefore impossible to assess the significance’ 
_ of the changes. Thus, the work in this field to date has failed either to establish 
_ or to rule out a causal relationship between the fall of cholinesterase in a dener- 


vated muscle and the concomitant increase in its sensitivity to ACh. We have 
therefore re-investigated these changes. 


METHODS 
Guinea-pigs weighing between 250 and 500 g. were used. The m. serratus anterior was chosen for 
these tests, because experiments on its ACh sensitivity were in progress at our laboratory and it 
seemed desirable to have information on enzyme changes in the same structure. After the animals 
were killed by a blow on the head, the tissue was dissected out rapidly, blotted between filter papers 


and weighed. The thin muscle is suitable for micro-application work (Brooks, 1951), but is sometimes 


hard to remove entire because of its short tendinous insertions. The resulting sampling error con- 
tributes heavily to the standard error (s.z.) of the mean fresh weights, as listed in Table 1. It was 
minimized by always using the same, easily distinguishable, second and third digitations. Further- 
more, paired muscles from the same animals were used in each comparison. The choice of side for 
denervation was random. 

The muscle on one side was denervated by cutting the long thoracic nerve. The proximal part 
of the nerve was easily exposed by making a ventro-medial skin incision and dividing the under- 
lying muscles. The distal nerve segment was avulsed for a length of 1 cm. to prevent re-innervation. 

After removal from the carcass, the muscle was comminuted with scissors and the macerated 
material was then ground in an ice-cooled Potter homogenizer. Each muscle sample was diluted 
to 3 ml. with distilled water before grinding and further distilled water was added after the grinding 


_ to bring the mixture to a total volume of 5 ml. 


The manometric assay was carried out on aliquots of homogenate either immediately or on the 


next day, the material having been kept in stoppered test-tubes at 0° C. The main chamber of each 
' manometric Warburg vessel contained 1-0 ml. homogenate and 4-0 ml. m/40-bicarbonate buffer 


(pH 7-4) with the appropriate type and amount of substrate solution in the side-arm as described 


below. After thermal equilibration, the substrate was tipped into the chamber and the manometers 


read at intervals of 10 min. for about 1 hr., while the vessels were shaken continuously at 37° C. 


_ bath temperature. Vessels containing substrate and bicarbonate buffer only were run with each 
_ group as controls, The substrates employed were Mecholy] (pL-acetyl-8-methylcholine chloride) for 
_ true ChE, benzoylcholine chloride for pseudo-ChE (Mendel, Mundell & Rudney, 1943), and 
_ tributryin for tributyrin ali-esterase. The use of 0-33 ml. of 9% mecholy! provided « final concen- 
_ tration in the reaction mixture of 0-03 m.; 0-17 ml. of 4-5% benzoylcholine yielded a final solution 
__ of 0-006 m.; and 0-3 ml. of 5% tributyrin produced 0-01 m. final concentration in the vessel. 
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RESULTS 

Expression of data 
For the purpose of this study the most important measurement was that of 
the total enzyme in each sample of muscle homogenate. This has been ex- 
pressed as microlitres of CO, evolved per hour per total muscle. Normal and 
denervated samples were compared both as differences and as ratios. In many 
earlier studies ChE content has been expressed as ‘Q’ ratio, which represents 
the number of pl. CO, evolved per unit weight of sample. This index is useful 
where differences between various tissue regions are being studied, but is mis- 
leading in the present case because the proportions of water, fat and protein 
change during atrophy of the muscle. It is, however, of interest to note the 
effect of expressing the results presented below in terms of the dry weight of 
the tissue rather than its fresh weight. This was tested on the serratus muscle 
homogenates by drying aliquots overnight at 80° C. and weighing after five 
days in the desiccator. A comparison of the fresh and dried wea is given in 
Table 1. 

Tables 2 and 3 contain mean values of enzyme activities, and mean ratios of 
such quantities. Some ratios have been evaluated as the means of the individual 
fractions in each of the five groups, and are marked by an asterisk. These means 
of ratios differ in value from the ratios of the mean values ‘listed in the pre- 
ceding columns of the tables. 

The — errors of all means eae were evaluated according to the 


Response of m. serratus anterior to denervation 


Before the experimental variant, change of ChE activity, was examined, it 
was thought important to establish that the m. serratus anterior of the guinea- 
pig underwent the classical changes after denervation. Terminal nerve twigs 
disappeared during the 10 days following nerve section. The nerve trunk became 
vacuolated, and its component fibres were no longer clearly distinguishable 
through the microscope. Fibrillation could be observed under the microscope 
by reflected light when the muscle was exposed in animals lightly anaesthetized 
_ with urethane. Fibrillation was present by the third day in guinea-pigs 
weighing 250-300 g.; in larger specimens onset was delayed by several days. 
This confirms the findings of Feinstein, Pattle & Weddell (1945). 

Since endplates are easily visible in the exposed muscle, sensitivity to applied 
acetylcholine chloride was tested in several specimens. Volumes of 0-01 ml. 
were applied to the muscle surface with a fine pipette, held in a micro-manipu- 
lator; the fluid was easily dropped on the endplate regions after removal of the 
overlying fascia. Twitch responses were observed through the microscope in 
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Fig. 1. Changes in weight and total true cholinesterase content following the denervation of 
I skeletal muscle (guinea-pig). Abscissa: days after denervation. Ordinate: values for dener- 


vated muscle expressed as percentage of normal values. @, change of fresh weight; O, change 
of ChE content. All data are plotted +2 s.z. The values at 8, 13 and 22 days have been 
separated along the time scale for the sake of clarity. 


| TaBLE 1. Mean values of weights of guinea-pig muscles 
Days Fresh weight (mg.) Dried weight (mg.) 


8.E., standard error. | 
P, probability that change of weight of denervated muscle is significant. 
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these preliminary experiments. The threshold of the muscle to acetylcholine 
fell during the first week after nerve section from 10-* to 10-* m., a change of 
about one thousand times. The increase in sensitivity can only be stated ap- 
proximately, because it is not known what concentration of ACh actually 
reaches the receptive areas when it has been applied to the tissue surface as 
described. | 

Muscle atrophy began during the second post-operative week ; this is a later 
‘onset than in rat skeletal muscle (Solandt, DeLury & Hunter, 1943). The 
muscle weight curve levelled off during the fifth week at about 45% of the 
normal. The chauges are shown in Fig. 1 and are tabulated in Table 1. 

From the above it is apparent that the behaviour of the m. serratus does not 
vary from the pattern usually observed after a skeletal muscle has had its motor 
supply severed. | 

Cholinesterase in denervated muscles 

Pseudo-ChE was tested in four normal and three denervated specimens. 
Since its activity never amounted to more than about 5% of the true ChE 
activity of normal or of denervated muscles, no further attention was paid to it. 
The insignificance of the pseudo-ChE at the neuromuscular junction has also 
been demonstrated histochemically by Koelle (1950). Thus the discrepancies 
between reports of different authors cannot be due to their having added 
pseudo-ChE values to those of true ChE activity by using ACh as substrate. 

The activity of true ChE in normal muscle is tabulated in Table 2. The values 
obtained are of the same order of magnitude as those reported for guinea-pig 
gastrocnemius by Marnay & Nachmansohn (1937) and for guinea-pig vastus 
lateralis by Couteaux & Nachmansohn (1940). The animals were obtained from 
litters of various ages, and as a result the fresh weights of the muscles given in 
Table 1 show significant differences between groups. It is interesting that the 
ChE content of the muscles did not vary significantly between groups, as tested 
by analysis of variance. The data do not suggest that. true ChE content in the 
normal muscle is correlated with fresh weight. That ChE remains roughly 
constant in the growing muscles of various species has been shown by 
Nachmansohn (1940), who reported that after an initial rise of ChE activity 
early in embryonic life, the enzyme concentration per unit weight of muscle 
decreased during the growth of the tissue. : 3 

The most significant finding of this study is that the true ChE content of 
atrophying muscle remains essentially normal. Fig. 1 demonstrates graphically 
the contrast of decreasing muscle weight and steady total true ChE content. 
Table 2 contains mean values for all groups. If the enzyme is measured per 
unit weight of muscle, its concentration doubles as atrophy reduces the muscle 
weight to half of the normal. An increase of this order of magnitude, expressed 
in terms of the ‘Q’ ratio, has indeed been reported for guinea-pig muscle by 
Marnay & Nachmansohn (1937), Couteaux & Nachmansohn (1940), and 
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Couteaux (1942). These authors also commented on the fact that the changes 
in enzyme content observed by them took place well after the disappearance 
of all the intramuscular nerve twigs and inferred that ChE is located in the 
muscle part of the myoneural junction complex. That inference is fully borne 
out by the present data. — 
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Fig. 2. Change in total content of tributyrin ali-esterase following the denervation of skeletal 
muscle (guinea-pig). Abscissa: days after denervation. Ordinate: values for denervated 
muscle expressed as percentage of normal values. All data are plotted +2 s.z. 

An instructive comparison of enzyme distribution is afforded by examination 
of changes of tributyrin ali-esterase. Table 3 gives the mean values of all 
groups before and after denervation. These groups are identical with those 
listed in Tables 1 and 2. The data of Table 3 are plotted in Fig. 2. It is readily 
seen that the ali-esterase decreases roughly in proportion to the atrophy under- 
gone by the muscles. This suggests that this enzyme is distributed throughout 
the muscle cells, rather than being found in high concentrations at x See loci 
as in the case of true ChE. 

11—2 


: 
i 
‘ 
4h 
‘A. 
| 
a 
& 
| 
a 
ret 
334 
$f 
49 
5 
‘ 
con 
ria 
t 
uF 
re 
4 
rit 
t 


164 VERNON B. BROOKS AND DAVID K. MYERS 


Tastz 2. Mean values of true cholinesterase activity of guinea-pig muscles 


Total true ChE per muscle 
(ol CO, /r. /musole) True ChE True ChE per 

Days post- No. of D 100 
8 10 404-0 4265 108+12-9 10479. £101 
13 8 223-6 2970 1244.24-0 169-4+.29°1 164 
22 7 372-6 328-2 934. 16-2 1424 19-3 134 
99 9 334-2 278-1 824 9-4 183418-8 130 

36 


6 267-5 313-0 121+ 265-1 267 +516 172 


of inckividual ratios in each of groupe. 


TaBiz 3. Mean values of tributyrin ali-esterase activity of guinea-pig muscles 


m per per 
mg. fresh wt. . dry wt. 
Days post- No. of D.M.* 
10 549-6 570-1 104+7°8 106+ 4-7 99 
13, 8 458-1 79+8-4 1144 7:1 94 
22 8 1168-0 9668 8349-5 128+ 14-0 95 
29 9 950-1 511-0 57+6-0 125+ 8-2 85 
36 6 10420 525-1 50+3-6 114+ 4-3 74 


of ration in ench of 5 grouse. 


DISCUSSION 


In the present experiments the ChE content of the serratus muscle did not 
decline after denervation. That the scatter of the data was not large enough to 
obliterate significant changes is shown by the progressive decrease of tributyrin 
ali-esterase content of denervated muscles, a decrease that was readily detected 
without any suggestion of ambiguity. It is difficult to reconcile these findings 
with those of Couteaux & Nachmansohn (1940) and of Couteaux (1942). They 
described a decrease of total ChE content to 45% of the values found in normal 
gastrocnemius, vastus lateralis, and plantaris muscles of the guinea-pig. Their 
studies, however, describe’ a more severe atrophy, down to 25% of the 
normal muscle weight; it may be that the muscle does lose ChE under these 
conditions. 

It might be argued that the present experiments fail to detect a small region 
of marked decrease in that fraction of the enzyme located at or in the junction 
itself, Elsewhere in the muscle, the enzyme store might remain unchanged or 
be increased after denervation, thus hiding the small but crucial reduction in 
ChE at the junction. Against such an argument could be set the fact that the 
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concentrations of ChE found in the aneural part of the guinea-pig and the toad 
gastrocnemius, according to Couteaux & Nachmansohn (1940) and Feng & 
Ting (1938) are some twenty thousand times less than the concentrations in the 


myoneural complex. The histochemical evidence (Koelle, 1950), although not 


yet suitable for precise quantitative interpretation, likewise suggests that most 
of the true ChE of the muscle is located in the endplate region. In denervated 
rat flexor muscle, indeed, the area stained by a modification of Koelle’s method 
usually decreases to a quarter of its normal size in 5 weeks as the muscle 
atrophies (Kupfer, personal communication). However, the remaining e 
cannot be assayed on the basis of density of stain in such tissue. If most of the 
enzyme is located in the junctional region, it is hard to imagine how a small 
local reduction in its level could bring about the enormous sensitization of 
denervated muscle to ACh. It should in any case be noted that a muscle whose 
ChE has been inhibited by treatment with eserine or DFP, though hyper- 
sensitive to arterially injected ACh, does not respond with the non-propagated 
contracture characteristic of denervated muscle. 


The sequence of events in a sympathetic ganglion after preganglionic | 


denervation has been studied extensively and a comparison with muscle may 
be useful. The superior cervical ganglion of the cat is approximately eight 
times richer in true ChE than skeletal muscle (Sawyer & Hollinshead, 1945). 
Upon denervation its true ChE level drops to 20% of the normal in the first 
post-operative week, when nerve endings are degenerating, and stays at that 
level for at least five weeks (Sawyer & Hollinshead, 1945; von Briicke, 1937). 
_ These findings establish the presynaptic endings of the nerves as the carriers 
of the bulk of true ChE in the ganglion, in contrast to muscle where the ChE is 
mostly located in the muscle part of the myoneural junction. The denervated 
ganglion, however, although it has lost most of its true ChE, becomes only 
about four times more sensitive to applied ACh, a ratio much smaller than that 
for muscle (Rosenblueth & Cannon, 1939). No doubt a small fraction of the 
ChE of normal muscle is likewise located in the endings of the motor nerve and 
disappears when these degenerate, but there is no reason to suppose that this 
portion is particularly important for the inactivation of the ACh liberated at 
the junction, whose post myoneural component is in any case rich in ChE. 
This comparison of the two tissues emphasizes the difficulties that are 
encountered when one attempts to explain the supersensitivity of denervated 
structures in terms of a loss of the enzyme that normally destroys a 
chemical transmitter. In skeletal muscle, at any rate, the explanation will 
not hold. 
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SUMMARY 


1. The activity of cholinesterase in two digitations of the m. serratus anterior 
of the guinea-pig has been studied in paired normal and denervated muscles 
from the same animals. 

2. In growing animals between 250 and 500 g. body weight there is no increase 
in the true cholinesterase content of the muscle. 

3. After denervation, the muscle exhibits fibrillation and hypersensitivity 
to applied acetylcholine within three days. Atrophy begins during the second 


post-operative week and levels off during the fifth week at about 45% of the 
normal muscle weight. 


4. The total content of true cholinesterase is unchanged by denervation. The 
concentration of the enzyme, however, doubles when the muscle weight is 
halved by atrophy. 

5. Pseudo-cholinesterase does not contribute more than approximately 5% 
to the total esterase activity of normal or denervated muscle. 

6. Tributyrin ali-esterase content of the muscle decreases roughly in pro- 
portion to the loss of weight of the atrophying muscle. 


We wish to thank Dr C. H. Best and Dr D. Y. Solandt for their kind interest and for having pro- 
vided the laboratory facilities used in this study. We are grateful to Mr A. A. Chaplan for assisting 
with some of the experiments. Our thanks are also due to the National Foundation for Infantile 
Paralysis, New York City, N.Y., U.8.A., for having supported this study in part through a grant 
to the Department of Physiological Hygiene. 


Note added in proof. Since this paper was submitted for publication, the post-denervation 
changes of true ChE in the gastrocnemius muscles of guinea-pigs and rats were studied by one 
of us (V.B.B.). It was found that in both species muscle weight and total content of true ChE 
decreased concomitantly to about one-half of the normal values during the first three weeks 
after nerve section. This confirms the findings of Couteaux & Nachmansohn (1940) and of Martini 
& Torda (1937). The experiments with the serratus anterior muscle of the guinea-pig were repeated 
and the total content of true ChE was unchanged after denervation in confirmation of the results 
reported in this paper. 

It therefore becomes impossible to make a statement about the pre- and post-synaptic distri- 
bution of true ChE in nerve-muscle junctions which covers all skeletal muscles. However, the 
unchanged content of true ChE of one denervated muscle still rules out any general theory 
designating ChE change as the agent responsible for supersensitivity. 

The details of these experiments Will be published elsewhere. 
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THE RESPIRATORY RATE AND VOLUME IN THE 
‘PREMATURE INFANT 


By K. W. CROSS anp T. E. OPPE 


From the Physiology Department and Paediatric Umit, 
_ St Mary’s Hospital Medical School, London 


(Received 24 July 1951) 


Using the body plethysmograph previously described (Cross, 1949) we have 
studied the minute volume, the respiration rate and the tidal air of a series of 
premature infants in the Premature Baby Unit at Paddington Hospital. We 
have accepted the definition of prematurity given by the International Com- 
mittee in Geneva in 1937, namely, that the premature infant is one of 54 lb. 
(2°5 kg.) or less at birth. 

_ As premature infants are routinely kept in hospital until they reach 5 lb. in 
weight and are thriving satisfactorily, it has been possible to study them not 
only in the first 2 weeks of life but also to make repeated observations on some 


of them who have been detained for longer periods. Thus we have been able to 


test whether there is a tendency for the minute volume of the baby to rise with 
the gain in weight during the first 9 weeks of life. 


PROCEDURE : 

As in the study on full-term infants, a resting level is defined as the average of not less than 5 min. 
observation, the 5 or more min. being continuous in all, save a few cases, where the volume of air 
in the plethysmograph has been adjusted during 1 min. and the respiratory behaviour of the 
_ infant has remained stable in that minute, after the infant has been at rest in the plethysmograph 
for not less than 20 min. During the period in which a ‘basal’ level is obtained the baby must 
remain apparently asleep with no visible limb or facial movements. The room temperature varied 
between 21 and 26° C, 

The infants in this nursery are on a 3-hourly feeding regime and the results reported here were 
obtained between 1 and 24 hr, after food. Any premature infant who was otherwise clinically 
normal was used for this study, provided he or she was strong enough to suck and did not require tube- 
feeding. No infant was studied within 24 hr. of being in an oxygen tent. We have found in practice 
that even premature infants of 3 Ib. (1-36 kg.) are satisfactorily sealed in the plethysmograph by 
using the medium cuff described in the earlier paper, and it has not been necessary to use the special 
cuff and lid which was described for premature infants. 

The weights of the naked infants were obtained by the nursing staff on the day of observation 
and were recorded in pounds and ounces to the nearest ounce. Tae results and calculations in this 
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Also in this figure are shown the results previously recorded of the thirty-six 
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paper have been based on this avoirdupois system but, in order to conform with international 
convention, they are given here in kilograms to the nearest 10 g. : 


RESULTS 
Table 1 shows the results of minute volumes and respiration rates in thirty 


different premature infants who were satisfactorily examined in the first 
10 days of life. The average weight of this group at the time of examination 


TasLe 1. Showing minute volume and respiration rates of thirty premature infants observed 
. in first 10 days of life 
Minute volume i 
in rate/min. 
Date . Age Weight Period 
(1950) Name Sex (days) (kg.) (min.) Range Av. Range Av 
29. xi. Ham.1 fF. 2 2-04 6 410-502 454 28-32 
29. xi. Ham.2 M. 2 1-76 5 307-328 320 30-34 32:4 
6. xii. be 2 M. 1 1-81 5 176-358 309 18-57 45-4 
12. xii. x. 10 2-01 1] 318 13-22 200 
13. xii. How. F. 3 210 8 379-613 460 31-42 36-7 
13. xii. Roy. 1 M. 8 1-50 10 246-328 278 2840 32:8 
20. xii. F. 3 1-64 5 276-381 327 2845 39:8 
(1951) 
2. i. Wil. F. 8 2-01 12 359-430 373 30-43 39-0 
3. i. Cla. M. 10 2-10 6 266-389 311 1427 283 
4. i. Kor. M. 9 2-30 5 563-646 617 30-35 33-0 
19. i. Sug. M. 1 1-59 5 410-451 429 4346 43:7 
24. i. Rus. F. 4 1-70 5 307-451 392 19-42 33-6 
25. i Lav. M. 2 2-07 6 369-440 405 27-31 28-5 
9. ii. Gra. F. 10 1-98 10 266-512 360 16-28 20-0 
15. ii. Fla. M. 3 2:24 14 471-635 522 27-31 290 
20. ii. McT. M. 7 2-24 9 261-568 469 26-51 38-9 
21. ii. Rob. F. 5 1-53 6 230-312 277 30-54 46-0 
23. ii. Pri. M. 5 1-39 5 160-225 205 30-46 40-4 
27. ii. Qui. M. 5 1-98 7 369-4385 400 27-42 347 
27. ii. Ald. M 4 2-04 6 420-466 452 31-33 31-5 
28. ii. Yat. F. 4 2-24 6 394-501 454 27-9 
1. iii. Cou. M. 8 2-30 7 870-495 427 18-23 20-7 
3. iii. Bea. F. 3 2-35 6 533-584 564 32-36 34:2 
9. iii. 0’Co. M, 2 1-87 5 203-349 277 22-38 . 31-2 
9. iii. O’Br. F, 2 22- #7 343-512 410 «21-27 40 
20. iii. Irw. F. 7 227: 5 401-423 408 29-31 30-2 
22. iii. Clow. M. 3 2-13 5 439-520 469 3243 37:2 
29. iii. Wal. F, 3 2-18 6 646-574 556 61-64 62:5 
3. iv. Blo. F. 3 1-67 5 329 «26-30 28-0 
6. iv. Col. F. 1 1-67 5 286-350 317 48-55 5146 


was 1:97 kg. (4 lb. 60z.), and the average minute volume 396-3 ml., with 
a respiration rate of 34-39/min. Fig. 1 shows the calculated regression line of 
average minute volume on fixed weight for the premature babies. This is found 
to be: a 

y = 265-8a — 127-3 (where = weight in kg.), 
or — 127-3 (where «= weight in oz.), 

r= +0-76, P<0-001, s.p. about regression line = 63-62 ml. 
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Fig. 1. Graph showing relationship between weight and minute volume of thirty premature 
infants (open circles) with calculated regression line. Closed circles, results of twenty-six full- 
term infants previously reported (Cross, 1949) with their calculated regression line. 


observations on twenty-six full-term infants. For these infants the regression 
line of average minute volume on weight is: 

y=111-7z+ 203-3 (where z= weight in kg.), 
or y =3-1672+ 203-3 (where z= weight in oz.), 

r= +0°460, P<0-05, s.p. about regression line = 102-55 ml. 
This is different from the line previously recorded (Cross, 1949): 

y = 129-592 + 139-17 (where z= weight in kg.), 
or y =3°6742 + 139-17 (where a= weight 1 In 02.), 
for, in calculating that line, weighting was given to a particular dhiticalion if 
it was the mean of two or three different observations, but here, in order to give 
a strict comparison between full-term and premature infants, each average 
minute volume has been treated as a single result, even when it may be the 
mean result of three separate periods of observations. A Student’s ¢ test 
comparing these two slopes shows that they differ significantly (P <0-01). 

Table 2 shows the results of repeated observations on the same infant when 
the repeated observation had been made at not less than a week’s interval from 
_ the first. Fig. 2 records the average minute volume (4.m.v.) plotted against 
weight for these repeated observations. It will be noted that in all but one case 
in the twelve babies so studied there has been an increase in minute volume 
with weight. 
DISCUSSION 

The most striking difference between the adult and infantile respiration is the 
marked minute to minute and breath to breath variation which occurs even in 
the baby who has been quite quiescent for long periods (Fig. 3). Periodic 
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63 days of life at 


Weight 
Dae 
(birth) Ib. oz. 
7.3.50 3 9 
4 4 
.xi.50 4 14 
§.xii.50 38 9 
2%. xii.51 4 
17. xii.50 4 


2 
& 
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Minute volume (ml.) 


171 
of twelve infants examined two or three times in the first 
not Jess than 7-day intervals 
Minute volume 
in ml Rate/min. 
Date Weight Age Period | 
Name Sex obs.) (kg.) (days) (min.) Range Av. Range Av 
Den. F. 14.21.50 193 18 ##5 9342-387 362. 25-31 280 
24.x1.50 213 28 7 490-477 486 27-832 209 
Ham.2 2. xi.50 1-76 2 5 307-828 320 30-34 32-4 
15. 204 18 6 578 30-36 328 
‘Ham:I F, 2.xi.50 2-04 2 6 410-502 454 2832 3806 
19.xi.50 241 22 6 451-477 462 30-45 403 
Roy. 1 M. 13. xii.50 1-50 8 10 278 2840 328 
21.xii.50 1:70 16 9 355 2260 402 
12. i. 51 2-21 6 377-533 4384 33-40 # 355 
Wil. F. 2.i. 51 201 12 373 30-43 39°00 
Bin. 20. xii.50 1-64 3 5 276-381 327 2845 398 
5. i. 51 184 17 =%6 4231-465 446 3444 389 
16. i. 51 210 23 6 12-656 612 37-51 49 
Sim. F. 16.i.51 150 26 6 £3871-471 40 19-338 #£=273 
6.1.51 184 47 6 553 26-36 
22.11.51 218 68 616 30-34 330 
Rus. M. 241.51. 1-70 4 6 807-451 302 
7.11.51 198 18 7 4410-666 497 19-25 229 
Sug. M.  19.i. 51 1-59 8 3 410-451 429 4846 43-7 
9.4.51 176 21 6 456-512 488 2348 347 
War. M. 26.1. 51 1-81 15 5 420451 439 2829 2846 
7.1.51 218 27 #5 #£625-688 662 4468 561-4 
Pri. M. 23.i.51 1-39 5 160-223 25 346 405 
15.ii1.51 145 2 6 200-372 3388 2646 373 
4.iv.51 179 45 5 #£327-478 410 2-36 
Robn. F. 20.i.51 150 2 5. 306487 4483 3543 # £386 
5.iv.51 179 40 5 380-482 424 28-35 32-4 
700 
600 
500 
o——_2 
400 
300 
200 
3 lb. 4 5 55 
2 
1 15 kg. 25 
Weight 


were made during the first 63 days of life at not less than 7-day intervals, A line has been used 


to join repeated observations on one baby and the different symbols were designed in order to 
distinguish one baby from another where the lines run close together or cross. 


3 
| 
ee 9 4 
20. xii. 50 15 Hl 
24. ii 
. ti. 51 
} 
if 
ge 
he | 
ast 
ai 
i 
om. 
nst 
se 
me i 
ig 
} 
4 
4 


172 _K. W. CROSS AND T. E. OPPE 


breathing is a frequent feature of respiration in the newborn and is especially 
common in the premature infant. These periodic and irregular respiratory 
patterns account for the large minute to minute variations, but their detailed 
analysis is outside the scope of this paper. The greatest range of minute volume 
noted in one of the full-term infants (J 1) previously reported (Cross, 1949) was 
396-647 ml./min. (the upper being 163% of the lower), while the greatest 
range in one of these premature infants (McT., 20. ii. 51) was 261-568 ml./min. 
(an increase of 218 %) during one period of resting respiration. The rate of 
respiration per minute is even more variable, being as much as 194 % at full- 
term (J 1) and 316 % in premature infants (Roy.2, 6. xii. 50). 


: 


| Automatic integrator : 


Fig. 3. Pantographic reproduction of 3 consecutive minutes showing the respiratory traces from 
baby McT., 3, wt. 2-24 kg., age 7 days, 20. ii. 1951. Read from left to right, inspiration down- 
wards. The automatic integrator measures the volume (Roberts, 1950). Note the marked 
variation in the respiratory rhythm, rate and volume. 


This minute to minute variation is probably evidence of some ‘hunting’ 
mechanism in an organism which has not yet achieved adult stability, and it 
illustrates the necessity for taking the average of a continuous period of 
observation in order to obtain values which approximate to average resting 
levels. In the work of Boutourline-Young & Smith (1950), and that of others 
quoted in their useful review of the literature, individual minutes have been 
chosen from which the average resting minute. volume is inferred. On many 
occasions they have taken the mean of several minutes (up to twelve, average 
of 3-6 min. per baby) in order to reach the figures they have quoted, but the 
very discontinuity of the minutes selected seems that it must imply some 
pre-judgement of the normal for the baby under study. If this criticism of lack 
of continuity is valid for the work of Boutourline- Young & Smith, it shows that 
they have selected their chosen minutes fairly, as there is very close agree- 
ment between their results and those presented here and previously. 

The reasons for the significant difference in the slopes of the regression lines 
are probably multiple. If the premature infant consumes the same proportion 
of oxygen breathed as the full-term infant it would be expected, on the basis 
of size alone, that the smaller infants would have a higher minute volume. 
However, the oxygen consumption of newborn babies has not been satis- 
factorily estimated under conditions such as those described here. There is 
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also some evidence that the premature infant is capable of an anaerobic 
metabolism (Wilson, Reardon & Murayama, 1948). We can one no evidence 
concerning either of these problems. | 
Our premature infants were observed at a higher room temperature (21-26° C. 
compared with 17-21° C. for full-term infants), so that their metabolic require- 
ments for maintaining body temperature were probably less. 
: The premature infants in this study breathe on an average 201-5 ml./kg. (or 
f 5-713 ml./oz.) compared with the figure of 225 ml./kg. of Boutourline-Young & 
- , Smith. The full-term babies previously reported breathed 171 ml./kg. (or 
4-857 ml./oz.), not 3-674 ml./oz. as wrongly stated by Cross (1949), compared 
with the figure of 182 ml./kg. of Boutourline-Young & Smith (1950). These 
results seem to represent a very similar trend between the full-term and 
premature infants, and the differences from the work of Boutourline- Young & 
Smith are probably due to the difference in the instrument employed (a body 
plethysmograph with a seal round the skeletal structures of the face in our 
work and a body plethysmograph employing a seal round the neck in the work 
of Boutourline- Young & Smith), and the different method of selecting results 
noted previously. 


® Comparing the respiration rates of the premature infants with those obtained 
a4 | previously for full-term infants, we see that the premature infant has a respira- 
tion rate of 34-39/min. (s.D. 8-63), while the full-term infants had a respiration 
rate of 28-64/min. (s.p. 5-169) (Cross, 1949). A ¢ test on these two means shows 
% that the chances are less than | in 100 that these means do not differ significantly. 
it This result is different from that of Boutourline-Young & Smith (1950), who 
f found that the respiration rate of seventeen full-term infants was 39/min. 
8 (s.D. 10-2), and that of seventeen premature infants observed on twenty-four 
8 occasions 32-8/min. (s.D. 6-1). On this occasion a ¢ test comparing the two 
Nn {~ means shows the mean for the full-term infants to be significantly greater 
y nineteen times out of twenty. (This figure has been worked out by taking 
se a single mean of a premature infant when more than one reading has been 
taken.) 
© The possible causes for this difference have already been discussed, but it 
k \ should be stated that, in the course of other work (Cross & Warner, 1951), in 
ut @ series of sixty-one observations on thirty-six normal full-term infants while — 
ag breathing air, the respiration rate was found to be 32/min. These findings, 
however, are based on a series of observations when the 5 min. resting period 
aS was never exceeded, and it is noticeable from Fig. 6b in Cross (1949) that 
a the respiration rate reaches basal levels considerably later than the minute — 
is volume, 
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SUMMARY 

1. The minute volume, respiration rate and tidal air have been studied in 
a series of thirty premature infants. 

2. The average respiration rate was found to be 34- 39/min. (8.D. 8-63). 

3. The average minute volume (a.M.v.) in this series of infants weighing 
1-97 kg. was 396-3 ml./min. (s.D. 96-2). 

4. There is a strongly positive relationship between weight and average 
minute volume in the first 10 days of life. 

_ 5. Eleven out of twelve babies show an increase of a.M.v. with weight, when 
observed at intervals of not less than 1 week, during the first 9 weeks of life. 
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A STUDY OF THE MOVEMENTS OF THE AUDITORY 
OSSICLES UNDER STROBOSCOPIC ILLUMINATION. 


By R. GUELKE anp J. A. KEEN 


_ From the Department of Electrical Engineering, and Department of Anatomy, 


University of Cape Town 
(Received 26 July 1951) 


In a previous study of the vibratory movements of the tympanic membrane 
(1949) the authors used dissections of the cat’s middle ear and a few prepara- 
tions of the human middle ear. In the human tympanic cavity dissections the 
piece of bone containing the labyrinth had been loosened and broken away, 
leaving an intact drum with the malleus and incus in position. An interrupted 
chain of ossicles resulted, because the stapes usually tore off at its junction 
with the incus, and came away with the fenestra vestibuli and the promontory. 
The present dissections of the tympanic cavities were planned in such a manner 
that the chain of ossicles was not interrupted. The joint between the incus and 
stapes remains intact, and the excursions at the tip of the long process of the 
incus have to overcome the resistance represented by the stapes with its foot- 
plate fixed to the margin of the fenestra vestibuli (Pl. 1). Further, it was 
decided to use only human middle ear preparations for this study, because the 
shape and size of the auditory ossicles are known to be extremely variable 
throughout the mammalian group (Keen & Grobbelaar, 1941). 

The amplitude of the oscillatory movements of the ossicles has been measured 
previously by the use of a microscope having a micrometer scale in the eye- 
piece (Politzer, 1909), but we believe that such measurements have not been 
attempted previously under stroboscopic illumination and under conditions 
where the frequency and intensity of the sound were controllable. This visual 
study of the swing of the ossicles caused by sound stimulation revealed 
a difference in the direction of the motion at the tip of the long process of the 
incus when compared with the direction at the umbo. This change in the 
direction of the oscillatory movement has not been described hitherto. 
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METHODS 
Middle-ear preparations 
All the middle-ear specimens used for the experiments were human ones, obtained from dissecting- 
room subjects which had been in the anatomy department for 12 months or more after the initial 
embalming by the injection of formalin solution into the femoral artery. With the circular saw 
a suitable wedge of bone containing the ear is cut out from the skull. The auricle is removed, 
leaving about one-half of the cartilaginous part of the external auditory meatus in position, and 
the temporal bone is then reduced to a convenient-sized block. 

In the further stages of the dissection the block of bone is held in a vice. With a fine gouge and 
a mallet the tegmen tympani is removed from the middle cranial fossa, until the head of the malleus 
and the body of the incus are clearly seen. As regards the meatus it is usually necessary to spend 
some time in clearing away cerumen and skin debris which is done with an ordinary ear syringe. 
When the external auditery meatus has been cleared successfully and the tympanic cavity has 
been opened from above, the drum can be seen to transmit light. Such a preparation is suitable 
for studying the movements of the head of the malleus and of the body of the incus, when a sound 
stimulus is applied via the external auditory meatus. 

In order to obtain a view of the umbo and of the joint between the incus and the stapes, further 
dissection is required. The bone in front of the tympanic cavity is gradually removed with a fretsaw 
up to within about 3 mm. of the anterior margin of the tympanic ring. The tensor tympani tendon 
must be divided, and the muscle itself and ite bony canal is removed. The upper part of the bony 
labyrinth is sawn off until the petrous bone presents a flat surface approximately on a level with 
the epitympanic recess; in this part of the dissection the bony labyrinth becomes opened. Lastly, 
the stump of the facial nerve and its bony canal are removed in the region above the fenestra 
vestibuli. If the vestibule becomes opened up and the footplate of the stapes is exposed from the 
inside, the preparation remains suitable for studying the movements of the ossicles, provided the 
stapes retains its attachments to the margin of the fenestra vestibuli. This can be ascertained by 
the use of a fine probe with the part under the dissecting microscope. 

Altogether fourteen temporal bones were dissected. Some showed pathological changes in the 
tympanic cavity, e.g. perforations of the drum; fibrous bands between the handle of the malleus 
and the long process of the incus, or between the long process of the incus and the tympanic walls ; 
disappearance of the stapes and its replacement by a fibrous band between the incus and the 
fenestra vestibuli. Sometimes the link between the incus and the stapes broke during the manipula- 
tions of the dissection. Some preparations, for no obvious reason, showed no excursions of the 
drum and ossicles when stimulated by sound vibrations. Such a condition may be due to loss of 
elastic tissue in the tympanic membrane connected with rapid decomposition, before formalin- 
fixation was carried out. From all the dissections there resulted five specimens which could be 
considered as apparently normal anatomically, and suitable for the study of the ossicle movements. 
The photograph (Pl. 1) shows specimen 3, a left tympanic cavity, dissected as described. During 
the experiments the middle-ear must be moistened from time to time, and the parts are preserved 
immersed in a weak solution of glycerin carbolic. 


Apparatus used in the experiments 

Source of sound. The source of sound consisted of an electrodynamic loudspeaker unit normally 
used in conjunction with narrow throated horns. Secured on to the unit is a chamber containing 
a condenser microphone and a narrow tube outlet. The connexion between the tip of the tube 
outlet and the meatus of the dissected part was made by means of a small rubber fitting of the 
type sold by chemists as ear drum protectors. This makes a good fit. It ensures that all the sound 
vibrations penetrate into the meatus and that the total available sound pressure actuates the 
tympanic membrane. 

The inside diameter of the outlet tube is approximately 1 mm. The loudspeaker unit is supplied 
from a Hewlett Packard type 200 B resistance capacity oscillator followed by a 10 W. amplifier. 
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A rectifier type voltmeter measures the voltage across the loudspeaker terminals. The sound 
pressure in the chamber was determined by calibrating the condenser microphone with a Rayleigh 
disk. It was then assumed that the r.m.s. sound pressure impinging on the drum was in the ratio 
of the area of the internal diameter of the tube to the area of the tympanic membrane. The calibra- 
tion must be regarded as approximate only. 4 

The intensities of sound produced by the loudspeaker unit at the drum were mostly beyond the 
range of what would be considered bearable in a living ear. For instance, the intensity level of 
127 db. above 0-0002 dyne/cm.* with a 640 cyc./sec. frequency (see Table 2) represented a note 
which was very loud. It could just be tolerated when the tube of the loudspeaker unit with the 
rubber fitting was placed into the meatus of an ear with normal hearing. When the intensity was 
stepped up to the 130 db. level the note was so loud that it became unbearable and temporary 
deafness resulted. 

Stroboscope. The stroboscope used was a Marconi type having a range of 10 to 280 flashes per 
second. The principle involved in the study of vibratory movements under stroboscopic illumina- 
tion has been discussed previously (Guelke & Keen, 1949). eee 

Microscope with micrometer scale in the eyepiece. The length of the micrometer scale was 5 mm. 
each mm. being divided into 10 parts. Under the low-power conditions of magnification which were 
used in making most of the observations, each of these smallest subdivisions represented 0-029 mm. 
in actual linear extent. The extent of the ossicle movement was at first recorded in terms of the 
smallest subdivisions on the micrometer scale. Later these figures were converted into actual 
fractions of a millimetre and are thus given in the tables and in the graphs. 

When measuring the amplitudes of the ossicle vibrations, the scale was turned in such a way 
that it was placed across the axis of the oscillations. Before making an observation the middle-ear 
specimen is taken out of the preserving solution and excess moisture is shaken off. It is usually 
possible to focus a bright spot which reflects the reddish beam of the stroboscope. When the ossicle 
vibrates the bright spot becomes transformed into a line, the length of which is read off on the 
scale, Alternatively, the apparent motion is slowed down as much as possible by adjusting the 
frequency, and the swing is measured. 


RESULTS 
Extent and direction of the motion of the tympanic ossicles 
When measuring the oscillatory movements the distance recorded was always 


that observed from one extreme position to the other. This is referred to as the 
swing. The amplitude for a regular oscillation is half the swing. Table 1 shows 


Taste 1. Showing the extent of the swing of points on the three ossicles in five different middle-ear 
dissections, when a continuous loud note was allowed to fall on the tympanic membrane via 
the external auditory meatus: 

Frequency of note, 640 cyc./sec.; intensity, 130 db. above 0-0002 dyne/cm.*; linear extent of 

swing given in mm,; the arrows indicate the relative directions of the motions (cf. Fig. 1). 

No. 1, No. 2, No. 3, No. 4, No. 5, 

right ear rightear leftear leftear right ear 

Tip of malleus handle or umbo 

of processofincus 009, 0-15/ 0-15\ 0-09,/ 
0-01/ 001 0-085, 0-04 0 


the swing of the vibratory movements at the umbo, at the tip of the long process 
of the incus, and at a point on the stapes near the incudo-stapedial joint, 


- when the tympanic membrane was actuated by a note of a given frequency and 


intensity. The five specimens which were available for the observations showed 
certain differences, especially as regards the incus and stapes. These variations 
12 
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were not more than could be expected considering (a) differences in the 
efficiency of the ossicles as a lever mechanism which may have existed ante- 
mortem in the individuals, mostly elderly people, and (6) differences in the 
fixation of the tissues which depend on a time factor not under the control of 
the anatomy department. 
_ All the five specimens showed a change in the direction of the swing as 
between malleus and incus, and between incus and stapes. The low-power 
microscopic field was large enough to show the umbo and the region of the 
incudo-stapedial joint, so that the specimen did not have to be moved during 
the observations. After the swing of a point at the umbo had been measured, 
and the tip of the long process of the incus was examined, it was necessary 
to alter the axis of the micrometer scale in order to measure the swing of the 
- incus excursions, and another change of the micrometer axis was required for 
the stapes. 

If the umbo motion is indicated by a lcotaiebel arrow (as in Table 1), the 
motion of a point on the long process of the incus followed an axis placed at 
an angle to this, viz. a backward angle of between 60 and 70°, as observed in 
the microscopic field. In addition to the backward slanting direction of the 
oscillation, it was also observed that the motion of the long process of the incus 
had an up and down component, as well as a slight side to side movement. The 
stapes again moved slightly differently from the adjoining part of the incus. 
However, the swing of the stapes under low-power magnification was very little 
and it was not always possible to estimate the direction. The change in the 
direction of the motion is indicated by the small arrows in Table 1. 

This change in the direction of the motion of the three ossicles we consider 
to be the most important part of our observations, because in this respect our 
findings conflict with the classical description. Text-fig. 1 is a diagram made 
from a tracing of the photograph of specimen 3 (see Pl. 1). The ossicles are 
shown reversed as they appear under the microscope, and the arrows indicate 
the direction of the swing at the successive points on the three ossicles. 

According to Politzer (1909), the vibrations of the malleus are twice those 
of the incus and four times those of the stapes. At the same time it is stated 
that the greatest excursions observed at the umbo were 0-76 mm., those of 
the long process of the incus 0-21 mm., and those of the stapes 0-06 mm. These 
considerable displacements, however, were produced by alternate condensation 
_and rarefaction of the air in the meatus and not by sound stimulation. It is 
further suggested that with weak tones the movements of the stapes must be 
so small that they cannot be seen even with the most powerful microscope. 


Extent of oscillations with varying intensities of sound 
Table 2 presents the results of the measurements of the swing of a point on 
the head of the malleus with a 640 cyc./sec. frequency note of varying intensity, 
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and the dissections were the same specimens as used for recording the results 
given in Table 1. For this study of the magnitude of the malleus excursions 
with different sound intensities it was decided to make use of the oscillations 
seen at the head of this ossicle, because that area is easily illuminated, and 
a vibrating dot is more readily focused here than in the deeper parts of the 


Text-fig. 1. Diagram of the vibrating points on the three ossicles, as seen under the 
Left tympanic cavity from a tracing based on Pl. 1. The arrows indicate the direction of the 
swing, but it must be clearly understood that the movements are shown as they occur in the 
plane of the microscopic field. 


Tas_z 2, Extent of the swing of a point on the upper surface of the head of the malleus, when 
@ continuous note of varying intensity was allowed to fall on to the tympanic membrane via 
the external auditory meatus | 


Frequency of note 640 cyc./sec.; intensities given in decibels above 0-0002 dyne/cm.*; linear 
extent of movement given in mm. The five middle-ear preparations were the same as those of 


Table 1. 


| 
of No. 1, No. 2, No. 3, No. 4, No. 5, 
(db.) rightear right ear left ear right ear left ear 


127 0-15 0-12 0-12 0-15 0-12 
130 0-23 0-15 0-19 0-20 0-16 
133 0-26 0-17 0-22 0-26 0-23 
135 0-29 0-17 0-28 0-29 0-29 
137 0-29 0-17 0-29 0-29 0-32 


middle ear. It will be noted that in one of the specimens (no. 2) maximum 
amplitudes appeared already at the 133 db. level; in nos. 1 and 4 at the 135 db. 
level. It is likely that the oscillations appearing at the 137 db. level of intensity 


_Tepresented maximal possible vibratory excursions for the particular specimen. 


In sound transmission the malleus rocks around the axis of rotation, and 
12—2 
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this axis passes across the handle at the level of the anterior process. The 
distance from the anterior process upwards to the top of the head of the malleus 
is only a little less than the distance from the axis to the umbo in a downward 
direction, as can be seen in illustrations of the ossicle (Gray's Anatomy, 1938). 
Thus the extent of the movement at these two points cannot be very different, 
and this can be verified by comparing the swing of the head of the malleus at 
the 130 db. level of intensity with the swing of its handle at the umbo, as 
recorded in Table 1. The amplitudes at the head of the malleus are a little less 
in most specimens, as compared with the amplitudes observed at the umbo. 
Anatomical considerations concerning the relative distances from the axis of 
rotation in either direction would lead one to expect such a result. A ratio of 
5 : 6 approximately represents the relationship between the swing of a point on 
the malleus head and the swing at the umbo. 


04 


Swing (mm.) 


0 200 400 600 800 1000 dynes per sq.cm. 
120 126 ©1295 132 134 db above f "Pu" 
Text-fig. 2, Graph showing the swing of the malleus and the incus at a frequency of 640 cyc./sec. 
with varying intensity of the note. 


It may be pointed out that a dissection to expose the head of the malleus 
is an easy one, involving a simple removal of the tegmen tympani. The 
measurement of the oscillations of this part of the ossicle is very valuable, even 
if the umbo is not rendered visible; a simple calculation will give the magnitude 
of the excursions at the centre of the drum. 

Further measurements of the malleus, incus and stapes oscillations were 
made at a different frequency and varying intensity in specimen 1 which, in our 
opinion, was the best preserved and the most likely to give results approaching 
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Swing (mm.) 


0 200 400 600 800 1000 dynes per sq.cm. 
120 126 1295 132 134 db aboveoooo 


Text-fig. 3. Graph showing the swing of the incus and the stapes at a frequency of 640 cyc./sec. 
with varying intensity of the note. 


0 

dynes per sq.cm. 100 200 300 400 

above 00002 114 120 1235 126 
Text-fig. 4. Graph showing the swing of the malleus and the incus at a frequency of 300 cyc./sec. 
with varying intensity of the note. 
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the normal response. These measurements were made at a higher magni- 
fication which produced more accurate recordings. The results are given in 
the form of graphs (Text-figs. 2-5). These show that in specimen 1 the move- 
ments of both malleus and incus are linear up to the highest intensities, but 
those of the stapes are not, as they reach a maximum swing of 0-01 mm., and 
its excursion did not go beyond this point. 


003 
001 ‘ 
Stapes 
© 
dynes per sq.cm. 100 200 ~ 300 . 400 
above 0.0002 114 10 1235 126 
Text-fig. 5. Graph showing the swing of the incus and the stapes at a frequency of 300 cyc./sec. 
| with varying intensity of the note. ; 
The joints between the ossicles 


Incudo-malleolar joint. The incudo-malleolar joint is a saddle-shaped articu- 
lation, the opposing articular facets of the head of the malleus and of the body 
of the incus being accurately adapted and making a close fit. The lower margin 
of the facet on the malleus projects in the form of a spur or ‘cog’ which is 
directed inwards and corresponds to a spur on the incus facing outwards, an 
anatomical feature which constitutes the ‘cog mechanism’ of Helmholtz 
(v. Tréltsch, 1874). With the motion of the handle of the malleus inwards the 


‘cog’ of the malleus engages that of the incus, causing the latter to follow the | 


movement without any change in direction. 

The direct visual inspection of the incus oscillations under stroboscopic 
illumination suggests that the transmission of the vibration from malleus to 
incus is not of the simple character described by Helmholtz. The swing of the 
tip of the long process of the incus is in a backward direction as compared with 
the swing at the umbo. Moreover, the long process of the incus vibrates up 
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and down as well as from side to side. Mechanically one can best compare 
the mode of transference of the movement from one ossicle to the other as 
resembling the action of a worm gear. 

It is clear that one cannot regard the articulation between malleus and 
incus as a rigid lever, but one must postulate a certain degree of looseness or 
‘play’ in the joint. A minute wedge-shaped articular disk is described as lying 
between the opposing surfaces of the malleus and incus. The disk projects 
inwards for a short distance from the upper wall of the capsule and incom- 
pletely divides the joint cavity (Politzer, 1909). The existence of an articular 
disk may be the anatomical basis for the complicated manner in which the 
vibrations of the malleus are transmitted to the incus. 

When the oscillations produced by sound stimulation were investigated in 
specimens where the stapes had been removed, invariably the tip of the long 
process of the incus moved in exactly the same direction as the umbo; this 
corresponds to the classical Helmholtz manner. The joining of the incus to the 
head of the stapes imposes that constraint on the incus which changes its mode 
of oscillation. 


Incudo-stapedial joint. The joint between the lentiform nodule of the incus _ 


and the head of the stapes is usually described as a ‘ball-and-socket’ articula- 
tion, but some observers deny the presence of a synovial cavity, and regard the 
articulation as a type of fibrous joint. In Politzer’s text-book (1909) a section 
of the incudo-stapedial articulation is illustrated, showing the lentiform nodule 
as a separate piece of bone joined to the incus by fibrous tissue, and a small 
joint cavity containing a thin disk between the lentiform nodule and the head 
of the stapes. A change in the direction of the movement is easily possible, 
and must occur if we accept the view on the stapes movements put forward by 
v. Békésy (1936), viz. that the footplate does not move in and out of the oval 
window like a piston, but rocks on a fulcrum at the lower and posterior end 
of the fenestra vestibuli, a movement which has been compared to that of a bell 
crank lever (Stevens & Davis, 1948). The annular ligament of the stapes is 
short and thick at the lower and posterior end, while it is thinner and wider at 
the upper and anterior end. 
DISCUSSION 

The vibratory excursions of the auditory ossicles in response to a continuous 
note of varying frequency and intensity have been described, as observed in 
formalin-fixed tympanic cavities. It may be asked to what degree these corre- 
spond to the amplitudes which occur in the living ear. This is difficult to answer 
because the anatomical condition of the dissected part is far from corresponding 
to that of the living. The drum and ossicles have been fixed with formalin 
and a stiffening and hardening of the fibrous tissue has resulted. The intra- 
tympanic muscles are not functioning and their tendons simply represent inert 
fibrous bands. 
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We have already shown in the previous study (1949) that the tympanic 
membrane, although formalin-fixed, responds readily to sound stimuli, showing 
considerable elasticity. It is therefore probable that the same argument may 
be applied to the movements of the ossicular chain, and that the extent of the 
excursions given in the graphs is likely to correspond to conditions in the living 
ear. It is doubtful whether the comparatively large excursions of the stapes 
observed in specimens 3 and 4 (see Table 1) can be accepted as representing 
a normal condition. We suspected that in these specimens the annular ligament 
had become loosened and that the — footplate was no longer firmly held 


in the oval window. 


Text-fig. 6. Diagram illustrating the rigid lever action of the ossicular chain, according to 
Helmholtz. There is one ‘fixed pivot’ corresponding to the axis of rotation. 


From the graphs (Text-figs. 2-5) we deduce that the extent of the movement 
at the tip of the incus long process is approximately one-quarter the swing at 
the umbo, and that of the stapes a good deal less. The stroboscopic observations 
have also shown that the direction of the swing changes as the vibration passes 
from malleus to incus, and from incus to stapes. To explain these findings it is 
necessary to postulate a different type of lever action from the one which has 
hitherto been accepted. Fig. 6 shows the type of lever action which, since 
Helmholtz, has been regarded as representing the action of the ossicular chain. 
The two ossicular joints are looked upon as remaining rigid in the transmission 
of sound. 

In the classical description the application of a force in the direction of the 
arrow at the umbo (see Text-fig. 6) causes a slightly smaller displacement at 
the stapes and hence a slightly greater force is applied at the fenestra vestibuli 
(oval window). The gain in leverage is estimated as a factor of 1°5, i.e. force on 
stapes = 1-5 times force on umbo. Therefore displacement of stapes = 1/1-5 times 
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displacement of umbo. Some writers estimate the ‘gain’ as a ‘loss’, and an 
increase in amplitude of a different factor, viz. 1-2, has been quoted (y. Békésy, 
1936). 

The scheme of levers which our observations have suggested is shown in 
Text-fig. 7. The malleus moves around a pivot as before. The incus, however, 
is not rigidly fixed to the malleus and, owing to the constraint imposed on it 
by the stapes, is unable to follow the movement of the malleus as though it 


| 

Text-fig. 7. Diagram illustrating the lever action of the ossicular chain, as suggested by the present 
observations. For purposes of the illustration the movements have been shown as though 
they were in one plane. There are three ‘fixed pivots’ indicated by black circles and two ‘free 
pivots’ indicated by 


were rigidly attached. Instead, it oscillates at a backward angle of approxi- 


mately 70 degrees to the movement of the umbo. The lever gain in this case is — 


the ratio of the distance a/b (see Text-fig. 7) and, according to our observations, 
a gain in force of approximately four times. There is a further gain due to the 
lever action of the stapes in magnitude equal to c/d, due to the stapes being 
forced round the pivot fixed to the lower and posterior end of the fenestra 
vestibuli; this is estimated to be approximately a factor of 2. The total 
‘mechanical advantage’, taking into account the lever action of the drum, 
would therefore be; 1-7 (drum) x 4 (malleus and incus) x 2 (stapes) = 13. 

In the diagram (Text-fig. 7) the ‘fixed’ pivots are regarded as fixed to the 
bony walls of the tympanic cavity, and comprise the attachments of the 
anterior process of the malleus and of the short process of the incus. The ‘fixed’ 
pivot of the stapes at the fenestra vestibuli is a new concept which we owe to 
v. Békésy (1936) and which has already been referred to. 

From the graphs (Text-figs. 2-5) it appears that, whereas the incus follows 
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the vibrations of the malleus up to the highest intensities that we used, the 
stapes, on the other hand, does not follow the vibrations of the incus at high 
intensities. The ‘yield’ in the incudo-stapedial joint may be a protective device 
which prevents the stapes from being dislocated from the fenestra vestibuli 
at high intensities. 

From the observations at high intensities we conclude that a total mechanical 
advantage of a factor of 13 is possible between the drum and the stapes. This 
is in addition to the gain due to the much smaller area of the footplate of the 
stapes compared with the area of the tympanic membrane. The question 
arises whether this gain gives an advantageous matching from the air to the 
mechanism of the cochlea. | 

In the first place it is necessary to determine an approximate value for the 
ratio force/velocity. This ratio is the ‘mechanical resistance’ which corresponds 
in some ways to electrical resistance and is expressed as ‘mechanical ohms’, R,,,. 
For the cochlea the ratio can be deduced from the mass of vibrating material 
and the sharpness of resonance, as expressed by the value ‘Q’. ‘Q’ or 2nfm/R,, 
is known from measurements of Schafer, Gales, Shewmaker & Thompson 
(1950), and the mass for a given frequency can be found from the quantity 
of cochlear fluid set in motion, which is determined from the known dimensions 


of the cochlea and from the known point of vibration for a given frequency 


(Wegel & Lane, 1924), For a frequency of 800 cyc./sec. the length of the 
column to the point of vibration would be 16 mm. The mass of fluid in the scala 
vestibuli and scala tympani up to this point is estimated as 34 mg. (assuming 
a density of 1). The ‘Q’ as given by Schafer e¢ al. (1950) is 37, and then 
using the formula Q=2nfm/R,,, R,, can be calculated and is approximately 
4-5 ‘mechanical ohms’ or dynes per (cm./sec.). Because the force is increased 
by a factor equal to the ‘mechanical advantage’ of a lever, whereas the 
velocity is decreased by the same factor, the ‘mechanical resistance’ presented 
at the handle of the malleus would be 1/(mechanical advantage)* times the 
“mechanical resistance’; this would amount to (1/13*) x 4-5=0-026 mechanical 
ohms. 

Let us now consider the ideal match for the acoustical side of the system. 
The ‘acoustical resistance’ (R,) is defined as the ratio of pressure to ‘volume 
velocity’ and for air is given by 

P 


In the formula S is the effective area of the tube terminated by this ‘acoustical 
resistance’. Taking the cross-sectional area of the external auditory meatus at 
its narrowest point as 0-5 cm.?, the ‘acoustical resistance’ is 1/S x (specific 
acoustical resistance) = 2 x 42 = 84 ‘acoustical ohms’. Using the formula given 
above, R,, =S* x R, =} x 84=21 mechanical ohms (compared with 0-026). Thus 
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it can be seen that the mechanical advantage calculated as above is much too 
large for optimum matching. In fact, a factor of 1-2, as suggested by the clas- 
sical Helmholtz theory, would give a ‘mechanical resistance’ of 4-5 x (1-2)? =6°5, 
as compared with the 21 required for optimum matching. Tréger (1930) has 
determined the ‘acoustical resistance’ for the ear as 25-3 for a frequency of 
800 cycles. 

It appears, therefore, that for high intensities the cochlea is not well matched 
to the tympanic membrane. It has not yet been established, however, that 
the pattern of vibration which we have observed at high intensities remains the 
same for low intensities. It is possible that at low intensities the ossicles move 
in the ‘rigid lever’ manner described by Helmholtz, particularly if the pull of 
the tensor tympani binds the malleus and incus closer together, and the back- 
ward pull of the stapedius ensures a more intimate contact between the head _ 
of the stapes and the tip of the long process of the incus. We suggest that both 
intratympanic muscles, when contracting, adjust the effectiveness of the - 
ossicular chain in the transmission of sounds of low intensity. The tensor 
tympani, as shown in our previous study (1949), also adjusts the effectiveness 
of the membrana tympani in sound transmission. 


SUMMARY 


1. The amplitudes of the vibrations of the human auditory ossicles were 
studied under stroboscopic illumination, using a low-power magnification. 

2. The ‘swing’ was measured at various points, viz. at the head of the 
malleus, at the umbo, at the tip of the long process of the incus and at a point 
near the head of the stapes, while the tympanic membrane was actuated by 
continuous notes of varying frequency and varying intensity. ; 

3. The vibratory movements of the ossicles were found to differ from the 
classical description, because a change of direction was noted in the vibrations 
of the long process of the incus as compared with those at the umbo, a second 
change in direction taking place at the incudo-stapedial joint. In order to 
explain a change in the direction of the vibrations, the authors postulate 
a special lever action between the ossicles. This lever action of the ossicles was 
observed when the tympanic membrane was actuated by notes of high 
intensity. 

4. Calculations which were made appeared to show that the .matching 
between the tympanic membrane and the fenestra vestibuli was not favourable, 
in particular that the mechanical advantage of the levers was excessive. : 


We wish to acknowledge the help received from a Research Grant of the University of Cape 
Town for the purchase of apparatus. Also to thank Mr G. McManus, of the Department of Surgery, 
for the photograph of the specimen, and Mr G. Laing, of the Department of Physics, for the 
construction of the loudspeaker adaptor. 
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EXPLANATION OF PLATE 
PiatE | 
Photograph of a human left tympanic cavity, dissected as described (no. 3 of Tables 1 and 2). 
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OBSERVATIONS ON TEMPERATURE DISTRIBUTION 
AND LIVER BLOOD FLOW IN THE RAT 


By J. H. BIRNIE* anp J. GRAYSON 


From the Departments of Pharmacology and Physiology, 
University of Bristol 


(Received 24 August 1951) 


Body temperature is one of the fundamental attributes of the higher forms of 
life; its maintenance must be regarded as a vital function. Yet it is one the 
study of which is frequently neglected. There is considerable information 
relating to the physical processes of heat elimination, but those functions 
broadly classed together as ‘chemical regulation’ must inevitably remain 
incompletely understood until more precise information is made available 
concerning the sites of heat production. Recent evidence suggests that the 
main sources of body heat are intra-abdominal (Federov & Shur, 1942), 


. probably in the liver, and that the role of skeletal muscle, at least in the 


resting state, is minimal (Grayson, 1951 a). Thereis, thus, evidence of centraliza- 
tion in the processes of heat production. The work of Feitelberg & Lampl 
(1935), however, suggests that there may be other major centres of heat | 
production than the liver. They have shown that in the conscious animal the 
resting brain temperature is higher than that of the carotid blood. Nearly 
200 years ago Stevenson (quoted by Leslie, 1778) demonstrated in the cow 
that the temperature of the blood in the jugular vein was higher than that in 
the carotid artery. He did not apparently realize the full significance of this 
observation, but there can be little doubt that the brain, even in the resting 
animal, is an important centre of heat production. 

The primary object of this paper is to describe observations correlating liver 
and brain temperatures in unanaesthetized rats, and to study the effect of 
anaesthesia in this respect. But blood flow in the liver might also be con- 
sidered to be of importance in relation to its metabolism. Experiments were 
therefore also performed, using the method of ‘internal calorimetry’, for the 
simultaneous recording of temperature and blood flow in the liver. | 


* Present address: Department of Biology, Morehouse College, Atlanta, Georgia, U.S.A. — 
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METHODS 


Copper-constantan thermocouples were used in the measurement of tissue temperatures. The 
couples were made from 35 s.w.g. copper and constantan wires soldered at the tip. A junction box 
(Grayson, 1949) was used so that readings could be taken from several points. Recording was by 
means of a Cambridge D’Arsonval galvanometer (internal resistance 50 {), a slit lamp and scale. 
With a 50 om scale at 5 m, sensitivity was adjusted by means of the external resistance to give 
5 om deflexion per 1° C. In certain experiments temperature changes were recorded continuously, 
using @ manually operated mechanical device whereby the movements of the light on the scale 
could be followed and registered directly on a kymograph (Grayson, 19512). 

Temperatures were recorded from the brain, liver and abdominal cavities. Thermocouples were 
implanted under ether anaesthesia. A ventral, mid-line incision was made exposing the upper 
' part of the abdominal cavity. A broad-gauge hypodermic needle was introduced under one or 
* other skin flap, and passed subcutaneously around the body of the animal until it emerged through 
the dorsal skin as near as possible to the mid-line. The thermocouple was threaded down the 
needle which was then withdrawn, leaving the recording point and about 1 in. of wire free in the 
abdominal wound. The naked leads for connexion to the recording apparatus emerged from the 
dorsum of the animal well away from the ventral wound. A small loop was made in the wire so 
that a suture might be passed through it to anchor it to the anterior abdominal wall on closing 
the incision. The thermocouple was inserted into the largest lobe of the liver from the lowest 
margin (caudal) upwards (cephalically) and backwards (dorsally); about $-# in. of wire was buried 
in liver substance, A second thermocouple was similarly positioned, except that its recording tip 
was bent backwards and downwards to record from the lower abdominal cavity. 

Brain implantations were made using a small incision over the vertex of the skull and a burr hole 
penetrating the bone. A broad-gauge hypodermic needle was passed from the wound to emerge 
from the skin over the occiput. The thermocouple was passed down the needle which was then 
withdrawn leaving about } in. of wire for anchoring and implantation. In animals where the leads 
were brought out over the dorsum of the body it was found that movements of the head frequently 
caused the leads to break where they passed over the dorsum of the neck. Where the leads were 
made to emerge directly from the head wound, firm anchoring was difficult to secure. 

Liver implantations in themselves appeared to have no permanent affect on the animal’s health 
or behaviour. Brain implantations, however, were more drastic in their effects. Seven out of 
seventeen animals died within 28 hr of implantation. All showed marked disturbances ofbehaviour 
pattern, being quieter than normal animals when left alone, yet more excitable when interfered 
with. There was a variable loss of weight and impairment of appetite. In those animals which 
survived, recovery was usually complete after 4-5 days, and thereafter they appeared normal and 
anaffected. 

The measurement of temperature. Daily temperature readings were made in all animals. The 
animals were restrained for this purpose in a tube made of perforated zinc. An oval hole in the 
top of the tube gave access to the leads from the implanted thermocouples which were connected 
to the leads from the connexion box by means of ‘crocodile’ clips, Rats would remain quiet in the 
_tube for periods up to 2-3 hr. Most simple readings, however, were complete within 15 min or less. 

Measurement of liver blood flow. Liver blood flow was recorded using the method of ‘internal 
calorimetry’ described in full detail elsewhere (Grayson, 19515, c). It consists of the measure- 
ment of the current required to maintain a plus 1° C thermal equilibrium in a heater embedded in 
the tissue. The temperature of the heater is measured thermoelectrically. The heat output of the 
wire is given by the equation H =CJ*R (where C is a constant, J = the current in amperes and 
R =resistance of heater in ohms). It has been shown that heat is lost from the wire partly to the 
circulating blood and partly by direct conduction to the tissues. Conduction back along the wires 
is in effect a negligible factor. Heat losses by conduction are governed by the formula J?R =k4nrd 
(where k=thermal conductivity of the tissue, r=radius of a theoretical sphere with equivalent 
thermal properties to the heater, and @=temperature increment over the surroundings). Where 
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§=1° C the fraction 1*/k is constant for any given recorder. This fraction has been used throughout 
as the standardization factor (F). Its measurement is simple and has been described else- 
where (Grayson, 19515, c). In the present work standard blood-flow recorders made to a fixed 
specification were used throughout. It was found that in each case the standardization factor 

It follows from the above considerations that the thermal conductivity of any material or 
tissue is given by the fraction J*/F, where 0 is 1° C. In the determination of thermal conductivity, 
therefore, the essential measurement is of the square of the current required to maintain an 
elevation of 1° C in temperature. This will be referred to henceforth as the J* value. Where blood is 
flowing through ‘a tissue the J* value is increased, leading to an apparent rise in the thermal 
conductivity. The conductivity increment due to circulating blood may be calculated simply by _ 
subtracting the J* value obtained in dead liver from the J* value in living liver (the subtracted J* 
value) and dividing by the standardization factor. It has been shown elsewhere (Grayson, 
19516) that the conductivity increment is a linear function of blood flow. Moreover, recent 
evidence suggests that there is a provisional correlation factor of 12-5, whence the blood flow in 
ml./ml./sec = 12-5 x the conductivity increment. 

In the present work, therefore, results will be expressed in terms of conductivity increment, and, 
using the provisional factor, in terms of blood flow/100 ml. tissue/min. 

The heated thermocouple was implanted in the liver of the rat, using the methods already 
described for the implantation of simple thermocouples. It was found, however, that the positioning 
of the instrument was critical. It is essential that it should be completely buried in liver substance. 


In vitro experiments have shown that intimate contact with the tissue under investigation is 


essential. A thermocouple lying between liver lobes does not give a reproducible quantitative — 
picture. It was found in practice, by performing careful post-mortem examinations of all rate 
after use, that blood-flow readings outside the normal range were a sure indication that the 
thermocouple was between the lobes or outside the liver. 

During the first 24 hr, before scarring anchored the instrument firmly in position, there was 
always a tendency for the thermocouple to move. In some cases it was found to have slipped out 
of the liver altogether; in others the liver was transfixed. In all such cases a low reading was 
obtained. 

For the purpose of measurement the rat was handled in the perforated zinc tube as already 
described. Crocodile clips were used to connect the leads from the recording apparatus. 


RESULTS 
Temperature in the normal rat 


In a series of ten rats, liver, brain and intra-abdominal temperatures were 


measured on the day after implantation and thereafter daily for periods 
varying from 2 to 12 days. All measurements were made under similar 
environmental conditions with the rats quiescent in the tube and the room 
temperature at 18°C. Observations on any given rat were made as far as 
possible at the same time of the day. Temperatures of most animals were 
recorded for a period of 15 min; however, in four animals observations were 
continued for 90-120 min. In all cases the temperatures were stable and no 
significant fluctuations were observed in liver, brain or intra-abdominal 
temperatures with the animals at rest. 

Table 1 shows the temperatures recorded in this series of rats, in each case 
2 days after implantation. There were considerable differences between 
different animals but the mean liver temperature was 38-7° C. In a different 
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series of twenty-three rats, where liver temperatures were recorded alone, the 
mean temperature was 38-8° C. In the ten rats recorded in Table 1 the mean 
brain temperature was 38-0 C and the mean intra-abdominal temperature 
was 37:7° C. In all cases the highest temperatures were recorded from the 
liver. There was no consistent quantitative relationship between liver, brain 
and abdominal cavity in this respect; however, the temperature of the liver 
was from 0:4 to 1:1° C above that of the brain and from 0-2 to 1-5° C above that 
of the abdominal cavity. This latter relationship varied, of course, with the 


TaBLE 1. The distribution of temperature between liver, brain and peritoneal cavity in 


normal, resting rate. Temperature in ° C 
Rat no. on 1 116 18 #19 20 21 33 %34 %36 36 Mean 
Liver 38-5 39-4 39-3 38:8 38-4 392 38-1 37-7 383 39-0 38-7 


Brain 37-6 388 38-9 37-9 37-7 38-8 37-7 36-9 37:38 37-9 38-0 

Abdominal cavity 37-6 39-2 386 37-6 37-4 38-8 366 36-2 37:2 38:1 37:7 
exact position of the intra-abdominal thermocouple; in cases where the intra- 
abdominal temperature approached that of the liver, post-mortem examina- 
tion usually confirmed that the thermocouple was lying near or in surface 
contact with the liver. In all cases where the intra-abdominal thermocouple 
was placed low in the abdominal cavity, the ia recorded from it was 
slightly lower than that of the brain. 


Time (days) 


- Fig. 1. The independence of brain from liver and intra-abdominal temperature. The rats from 
which these records were obtained showed no clinical sign of abnormality during the period of 
raised liver temperature. @——-@, liver; O---O, abdominal cavity (a.c.); A--—A, brain. 


Temperature variations in individual rats. Although no abrupt changes were 
observed on any single occasion, there were frequently considerable differences 
between temperatures in the same animal on different days, even when 
measured at the same time of the day under apparently similar conditions. 

The fluctuations in liver temperature were usually accompanied by parallel 
changes in intra-abdominal temperature. Fluctuations in brain temperature, 
however, bore little relationship to those occurring in the liver. Thus, in the 
experiment shown in Fig. 1, the liver and intra-abdominal temperatures each 
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rose by about 1-4° C in 2 days with only a very slight change in brain 
temperature. In other examples, where the fluctuations in liver and intra- 
abdominal temperatures were slight, the changes in brain temperature were 
completely unrelated. 

The effect of ether on temperatures in the rat. The effect of light ether anaesthesia 
was investigated in the rat using thermocouples implanted 1-6 days previously. 
One of two procedures was followed. In some experiments liver, brain and 
intra-abdominal temperatures were recorded from the conscious rat restrained 
in the tube. The animals were removed from the tube, anaesthetized and then 
_ returned to the tube. Ether inhalation sufficient to maintain unconsciousness 


0 30 60 90 
Time (min) 


Fig. 2. The effect of ether on temperature distribution in the rat. 


but not to abolish deep reflexes was continued for periods of 15 min. Tempera- 
ture observations were made only when the animal was in the tube and were ~ 
continued during the subsequent recovery period. In other experiments the 
animals were anaesthetized in the restraining tube. This enabled some con- 
tinuous records to be obtained of all stages of ether administration, but had 
the disadvantage that during the excitement stage of induction the rats were 
prone to break their leads. In all experiments temperatures were recorded 
continuously on the kymograph by the method already referred to. 

The results of a typical experiment are shown in Fig. 2. There was a rapid 
drop in all recorded temperatures. The brain temperature in most cases was 
the first to fall, followed about 30 sec later by the liver. The temperature in 
the abdominal cavity began to fall about 90-120 sec after the liver. 

On withdrawing the anaesthetic, liver and brain temperatures continued to 
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drop for 2-10 min, then slowly began to recover. The intra-abdominal 
temperature usually continued to drop for 1-2 min after recovery had begun 
in the brain and liver. Normal temperatures were regained in about 90- 
120 min. 

Table 2 gives the lowest temperatures reached in a series of six rats. The 
mean liver temperature after 15 min light ether anaesthesia was 34-7° C, 
representing a drop of 4-0° C below the average for normal conscious rats. The 
mean brain temperature was 33-8° C, a depression of 4-2°C, and the mean 
intra-abdominal temperature was 33-9° C, a depression of 3-8° C. 


Tasiz 2, The lowest temperatures reached in the rat following 15 min of ether 


inhalation. Temperature in ° C 
Rat no. pa 1 2 3 4 5 6 Mean 
Liver 35-7 35-6 34-0 33-4 34-0 35-4 34-7 
Abdominal cavity 35:1 32-7 32-9 35-0 33-9 
Brain 35-4 34:5 32-0 33-1 33-2 34:8 33-8 


The effect of pentobarbitone sodium. Rats were restrained in the perforated 
zinc tube, their leads connected to the apparatus and initial temperature 
readings taken in the usual way. 1 ml. of 0-8 % pentobarbitone sodium 
(Nembutal) was injected intraperitoneally with the animal still in the tube. 
In a series of five rats this dose produced loss of consciousness without 
abolition of deep reflexes. All temperatures began to drop within 2 min of the 


0 40 80 120 160 200 
Time (min) 
Fig. 3. The effect of pentobarbitone sodium (1 ml. of 0-8 %) on temperature 
distribution in the rat. : 


injection. Change occurred first in the brain, followed by the liver, followed 
by the abdominal cavity. The rates of fall were slower than those produced by 
ether, minimum temperatures being reached after 20-25 min (Fig. 3). Subse- 
quent recovery was also slower, normal temperatures being regained 2}-3 hr 
after the injection. Again the brain was usually the first organ to show signs 
of recovery, followed by the liver and the abdominal cavity. 
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The lowest temperatures reached are recorded in Table 3. The mean liver 
temperature was 36-7° C—a depression of 2-0 °C below the mean normal—the 
mean brain temperature was 35-7° C, a depression of 2-3° C, and the mean 
intra-abdominal temperature was 35-8° C, a depression of 1-9° C. 


TaBLz 3. Lowest temperatures recorded following 1 ml. of 0-8 % Nembutal (intra-peritoneal). 


Temperature in ° C 
Rat no. oon 2 ae... 5 Mean — 
Liver 36-6 37:3 36:8 35-9 36-9 36-7 
Abdominal cavity 35-7 36-2 36-4 34-8 35-9 35-8 
Brain 35-2 36-5 36-0 34-35 36:3 35-7 


The effects of pentobarbitone sodium were therefore slower than those of 
ether, but otherwise qualitatively similar. The depression of temperature 
produced by the dose administered was about half that produced by ether but 
the effect was more sustained. 

The effect on brain temperature was more rapid with both anaesthetics than 
the effect on the liver. Moreover, the temperature depression was relatively 
greater in the brain than in the liver. Intra-abdominal temperature reactions, 
however, lagged behind the liver at all times and were less pronounced. The 
temperature recovery with both ether and pentobarbitone sodium bore no 
relation to the recovery of consciousness. In the experiments shown in Figs. 2 
and 3, for example, full spontaneous activity was present and reactions to 
auditory and visual stimuli were normal, indicating a full return to con- 
sciousness, at a time when the temperatures of liver and brain were still near 


In the following experiments liver temperature and liver blood flow were 
recorded from the livers of rats previously implanted with blood-flow recorders 
as already described. The subtracted J* values were obtained by recording — 
from the living rat, then recording the J* value at and beyond the point of 
death. In most of the experiments an external cold junction immersed in 
a Dewar flask containing water at 37° C was used for the temperature records. 
One to two minutes is required for the accurate determination of the J? value. 
During this period it is essential that the ‘cold junction’ temperature and 
absolute liver temperature should not change relative to each other. In 
experiments, therefore, where rapid changes in absolute liver temperature 
occurred (e.g. following the administration of ether anaesthesia) it was found 
necessary to implant an additional fine-gauge thermocouple in the liver to 
serve as a cold junction. Under these circumstances temperature changes 
affecting the liver as a whole produced no fluctuations in the thermoelectric 
circuit. 
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The standardization factor (140) was used as already described to convert 
subtracted J? values into conductivity increments. It has already been stated 
that the flow of blood in ml./ml./sec is given by 12°5 x conductivity increment. 
Using this correlation the present results have been expressed in terms of 
blood flow. 

Liver blood-flow fluctuations in resting rats. Fluctuations in blood flow in 
individual rats were observed on different days. In the experiment shown in 
Fig. 4 the J? values recorded on different days ranged between 0-32 and 0-34. 
Thesubtracted J* values (non-circulatory values determined after death = 0-180) 
were thus 0-14-0-16. The standardization factor of the blood-flow recorder 
was 140; conductivity increments, calculated as previously described, ranged, 
therefore, from .10-* to 1-143 x 10-%. The resting blood-flow range in this 
rat was 12:5 x to 13-716 x 10-* ml./ml./sec, or 75-86 ml./100 ml./min. 


Time after implantation (days) 


Hie ¢ Temperature and liver blood-flow variations in the rat. 


observations of blood flow in the resting, normal were 
continued in two cases for periods of 1 and 3 hr respectively. Large spontaneous 
changes were not observed, the blood flow on each occasion remaining steady 
over @ narrow range. 

No correlation was liver temperature and liver blood flow 
in resting rats; recorded resumen on different days being frequently 
opposed. 

Table 4 gives the results of resting liver blood flows in eight different rats. 
Observations: were taken in. each instance 2 days after implantation. Liver 
temperature was also recorded using the ‘cold junction’ couple implanted in 
the liver for the purpose. 

Subtracted J? values fell between 0- 140 and 0-173. Conductivity 
were thus 10-* to 1-23x10-*. The blood-flow range, therefore, between 
different rats was 75-92 ml./100 ml./min. The mean subtracted J* value was 
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0-147, giving a conductivity increment of 1-05 x 10-* and a mean blood flow of 
79 ml./100 ml./min. | | 

The effect of ether on liver blood flow. The same procedure as already described 
for the investigation of temperature changes during anaesthesia was adopted. 
Rats with thermocouples implanted 1-4 days previously were restrained in 


Taig 4. Conductivity increment, blood flow and liver temperature in resting rats | 


Subtracted J? 0-143 05140 0-140 0-143 0-154 0-173 0-143 0-154 
Cond. iner.(x10-*) 1-021 1-000 1-000 1021 1-100 1-236 1021 1-100 
Flow, ml./100 ml/min 766 750 750 766 825 927 166 825 
Liver temp. °C 395 390 873888 


the tube and resting measurements taken. Some were then anaesthetized 
outside the tube and returned to it. Fig. 5 shows a typical result of ether 
_ administration with the rat restrained in the tube throughout. There was 
a pronounced drop in blood flow which in many cases preceded the drop in 
temperature. | 


Time (min) 
Fig. 5. The effect of ether anaesthesia on temperature and blood flow in the rat liver. 


Recovery began as soon as the ether was withdrawn. There was usually 
a short phase during which the blood flow rose to above its previous resting 
level followed by a subsidence to base-line. The levels of blood flow reached 
after 15 min are shown in Table 5. The mean subtracted J? value recorded at 
this stage of ether administration was 0-078, corresponding to a conductivity 
increment of 0-557 x 10-*. The mean blood flow under ether was, therefore, 
42 ml./100 ml./min, a drop of 47-6 % from the mean resting level. 
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The effect of pentobarbitone sodium. The effect of pentobarbitone sodium was 
investigated in only two animals. In these experiments, however, the effects 


Taste 5. Blood flow in the rat liver after 15 min ether anaesthesia or 


1 ml. of 0-8 % Nembutal : 

Ether Nembutal 
Rat no. 23 
Subtracted J? 0-077 0-077 0-082 0076 0077 0077 0-088 


Cond.iner.(x10-) 055 055 058 054 055 055 0-63 

Flow, ml./100ml./min 41-2 41-2 41-2 41-2 47-2 

‘Liver temp, °C: 35-2 — 368 
were similar to those of ether (Fig. 6). There was a drop in blood flow which 
was rather faster in onset than the drop in temperature, but not so rapid as the 
similar effect described for ether. The diminution of flow produced by 1 ml. of 
0-8 % solution was 36-3 % in one case, and 48-3 % in the other. Recovery 
was slower and in neither case was there any recovery — the initial 
_ conscious level of flow. 


360; A Nembutal 

30 60 90 120 86150 
‘Time (min) 


Fig. 6. Ths eet of wim on and hod fow in he at ier. 


DISCUSSION 


In so far as the present observations relate to the abdominal cavity they 
confirm the pre-eminence of the liver as a source of heat production. Thus the 
liver temperature was the highest recorded in the body. When fluctuations 
occurred the intra-abdominal temperature lagged behind that of the liver, 
but did not react independently. | 

The brain temperature, however, wnanifected throughout a marked inde- 
pendence. It was never so high as the liver temperature but, following ether _ 
administration, for example, it reacted as quickly as, sometimes even more 
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quickly than, the liver. Its recovery was equally prompt. On other occasions, 
when observations were extended over several days, brain temperature 
fluctuations occurred directionally opposed to those of the liver. These could 
scarcely have been secondary to the liver changes, and it may be concluded 
that whereas the temperature of the brain reacts similarly in response to 
certain stimuli, e.g. anaesthesia, to the temperature of the liver, it does so 
independently. The conclusions of Feitelberg & Lampl (1935), implicit also in 
the observations of Stevenson (quoted by Leslie, 1778), are thus fully con- 
firmed, It may be stated, therefore, that whereas the liver may be a principal 
centre of metabolism, the brain possesses a considerable degree of autonomy. 

The effect of ether and pentobarbitone sodium anaesthesia on both brain and 
liver temperature was dramatic. Both these agents produced temperature 
diminutions of several degrees centigrade, changes too great to have been 
purely circulatory in origin. The fact that the brain and liver reacted before 
the abdominal cavity suggested that the effect was primarily on these centres 
of heat production, and indicated that these anaesthetics have a marked effect 
on metabolism in such regions. The extent of the metabolic depression 
indicated by these dramatic temperature drops makes it clearly essential to 
review most carefully the results of any acute experiment where anaesthetic 
agents are involved. | 

The liver blood-flow observations were intended in the first place as a back- 
ground to the temperature investigation. However, in view of their bearing on 
the study of the liver circulation in general, it is felt that the present results 
should be reviewed from a wider standpoint. It is first essential to visualize 
what, in fact, internal calorimetry measures. It should be realized that, 
whereas there can be little doubt that conductivity increment is directly 
related to blood flow, its conversion to quantitative flow rates depends upon 
a calibration factor which has only been determined experimentally by 
perfusion of isolated organs. It is hoped that a careful examination of the 
physical and mathematical principles underlying the method will provide 
a theoretical vindication of the figure used. Until this is forthcoming, however, 
it is felt that the conversion of the present results into quantitative blood- 
flow figures should be regarded as merely provisional, a convenient approxima- 
tion affording some basis for comparison with the results of other workers. 

The limiting conditions of the method should, moreover, be clearly recognized. 
It has been shown (Chester & Grayson, 1951) that, using a standard blood 
flow recorder immersed in a 75 % water/gelatin gel, with the heater raised to 
plus 1° C, temperature gradients exist in a core of material approximately 
4 mm in diameter by 1 cm long. Dead liver has similar thermal characteristics 
(Grayson, 19516). Where the instrument is embedded, therefore, in living 
liver, its range of influence might still be expected to be similar, and the blood 
flow calculated on the basis of ‘conductivity increment’ is virtually a mean of 
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the total blood flow in this core of tissue. Blood-flow estimations made by 
the present technique thus refer to quite small sections of tissue and are in no 
way direct measures of total liver flows. 

The blood flows determined in normal rats—75-95 ml./100 ml./min—may 
be compared with the findings of other workers. Thus, Bradley and his 
co-workers (Bradley, Inglefinger, Bradley & Curry, 1945), using the brom- 
sulphalein technique in conscious human subjects found a range of flow from 
about 70-120 ml./100 g tissue/min, with a mean flow of about 100 ml./100 g 
tissue/min. Considering the differences in subject and method, and the local- 
ized nature of the present observations, this may be regarded as reasonable 
agreement. 

The majority of published observations of liver blood flow were obtained in 
anaesthetized animals. Grindlay, Herrick & Mann (1941), using thermo- 
stromuhrs in the hepatic vein, hepatic artery and portal vein, report mean 
flow figures for the whole liver of 40-160 ml./100 g/min. Their figures suggest, 
moreover, that anaesthesia has little or no effect on liver flow. The present 
work does not support such a conclusion. A drop of nearly 50 % in liver 
flow was invariably obtained following ether or pentobarbitone sodium 
anaesthesia. | 

In this respect our findings are more in accord with those of Barcroft & Shore 
(1912), who reported blood flows in the livers of anaesthetized cats of from 
83-3 to 48 ml./100 g/min. | 

Grindlay e¢ al. (1941) regard the circulation in the liver as highly variable 
and uneven, as regards both its spatial and temporal distribution. Thus, 
according to these workers, relatively large areas of liver are in a state of rest 
and relatively ischaemic at any given moment. The actively functioning parts, 
which are richly supplied with blood, are said to vary in size and location from 
time to time, according to the total activity. The present work gives no support 
to this view. If this concept of liver flow were true, it might be expected that 
measurements from small circumscribed areas such as we have been concerned 
with would show extreme variability. In fact this has not been observed. 
Observations continued for up to 2 weeks show no greater variation than 
from 75 to 90 ml./100 ml./min in any one recorder. Moreover, in the whole 
series of forty-eight rats, no single case showed a blood flow of less than 
75 ml./100 ml./min, nor did any rat show a liver flow greater than 95 ml./ 
100 ml./min. Our findings demonstrated, in fact, a remarkably even dis- 
tribution of flow in the resting liver and a relatively narrow range of normal 
fluctuation. 

The present work failed to show any definite relation between fluctuations 
in liver flow and temperature fluctuations in the liver or brain. The anaesthetics 
studied produced a drop in blood flow, which again could not be related to the 
temperature effects. In the absence of blood-pressure records, however, it is 
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impossible to state whether the effects were passive or whether they were due 
in part or in whole to primary vascular changes. _ , 


SUMMARY 


1. Methods are described for the thermoelectric measurement of tempera- 
ture in the liver, brain and abdominal cavity of the conscious rat. The 


application of internal calorimetry to the recording of blood flow in the 
conscious rat liver is also described. 


2. Mean temperatures in the conscious, resting rat were found to be: 

_ liver=38-7° C, brain=38-0° C, abdominal cavity =37-7° C. 

3. Evidence is presented which suggests that the liver is the main organ of 
heat production in the abdomen, but that the brain is itself an independent 

centre of heat production. 


4. Ether and pentobarbitone sodium were shown to produce a dramatic fall 


in temperature in all regions, which is presumed to be due to a depression of 
metabolic function mainly in the brain and liver. 


__ 5. The liver blood-flow figures suggest a mean figure of about 79 ml./100 ml. 
of liver tissue/min. No evidence was obtained to suggest uneven distribution 
of flow within the liver, nor to indicate great fluctuation from time to time. 

6. Ether and pentobarbitone sodium were found to produce a fall in liver 
blood flow. 


The authors wish to express their gratitude to Prof. R. J. Brocklehurst and to Prof. H. 8. Heller 
for their interest and advice, and to Mr C. J. Wilks for his valuable technical assistance. The 
work was aided by a grant from the Medical Research Council. 
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ACUTE TETRAETHYLPYROPHOSPHATE POISONING IN 
CATS AND ITS MODIFICATION BY ATROPINE 
OR HYOSCINE 


By W. W. DOUGLAS anp P. B. C. MATTHEWS* 
From the National Institute for Medical Resedirch, Mill Hill, London, N.W.1 


(Received 24 August 1951) 


A number of casualties have occurred with the use of alkyl phosphate anti- 
cholinesterases as insecticides, and considerable potential hazard lies in the 
possible use of such agents in chemical warfare (Wood, 1950). The cause of 
death in man is not known (Grob, Garlick & Harvey, 1950), although a variety 
of parasympathetic, neuromuscular and central symptoms occur and respira- 
tory failure is prominent. Experimental animals poisoned with these substances 
show similar symptoms but, again, the mechanism of death remains imperfectly 
understood (see review by Gilman & Koelle, 1949). 

In the present investigation the acute toxic action of tetraethylpyrophos- 
phate (TEPP) has been studied in the cat, and attention has been directed 
especially to the factors disrupting respiratory function. Death has been found 
to be due to paralysis of the respiratory muscles and to cessation of discharge 
from the respiratory centre, with bronchoconstriction playing a secondary role. 
The effects of atropine and hyoscine on the course of poisoning have been 
examined, and the results suggest that these drugs oppose not only the para- 
sympathomimetic but also the central excitant and depressant actions of 
TEPP. A preliminary account of the present investigation has already been 
communicated to the Physiological Society (Douglas & Matthews, 1951). 


METHODS 


Cats were used for all experiments. They were either anaesthetized with a mixture of chloralose 1 % 
and urethane 10% (4-5 ml./kg. intraperitoneally or intravenously after ethyl chloride and ether), 
or with chloralose (80 mg./kg. intravenously), or pentobarbitone sodium (B.P.) (40 mg./kg. intra- 
peritoneally), or were decerebrated under ether anaesthesia. 

Tidal air, intrapleural pressure, respiratory muscle movements, the atid potentials in the 
phrenic nerve and the arterial blood pressure were recorded. To estimate tidal air, records were 
taken of the air inspired with each breath by having the animal breathe through valves from a 
spirometer. Intrapleural pressure changes were recorded by introducing a small volume of air into 
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the intrapleura space, and following the pressure fluctuations in this by needle cannulae (3 mm. 
bore) inserted through the chest wall and connected to the pressure recorder described by Wilson 
(1950). 

Movements of the chest and abdominal walls were recorded by following the volume changes in 
a length of rubber tubing wound round thé body wall and connected to a tambour. Diaphragm 
movements were recorded directly by placing a rubber bellows against the caudal side of the 
diaphragm, through an incision in the abdominal wall (de Candole, Douglas & Spencer, 1950a). The 
bellows were air-connected to a pressure recorder. In order to display the diaphragm excursions 
on an oscilloscope this phrenograph arrangement was modified in the following way. The air in the 
bellows was replaced by 10% saline and the instrument connected to a glass tube (} mm. bore) half 
full of mercury connected to a reservoir of mercury and with electrodes at either end. The resistance 
between the electrodes depends upon the length of the saline column between them, and this varies 
continuously with the volume of the bellows and therefore with the contractions of the diaphragm, 
for mercury is then replaced by saline. This resistance was set up as one arm of a Wheatstone 
bridge circuit using 1000-cycle a.c. and the out-of-balance voltage recorded. This voltage varies with 


‘the resistance, and the balance of the bridge was so adjusted that inspiration gave an increase in 


voltage. 
A sample of the action potentials in the phrenic nerves was recorded by cutting the upper root 


of one phrenic and placing the central end on platinum electrodes under paraffin. It was not 


necessary to divide the root longitudinally. The action potentials were amplified and displayed, 
along with the diaphragm contractions, on a double-beam cathode-ray oscilloscope where they 
were photographed with a moving paper camera. _ | 

Blood pressure was recorded with a mercury manometer. 

In order to study the action of TEPP without the complicating factor of anoxia produced by 
respiratory failure, artificial ventilation was maintained throughout some experiments. Spontaneous 
respiratory activity in the phrenic nerve and the respiratory muscles still and could be 
recorded provided the cat was not hyperventilated. In these experiments the vagi were cut and 
the respiratory movements were found to be independent of the pump rhythm; their strength 
varied inversely with the ventilation. By opening the chest wall the passive movements of the 
lungs exert little influence on the records of spontaneous movements of the chest and diaphragm, 
and similarly these movements do not influence the ventilation of the lungs. An open pneumo- 
thorax, with adequate airway, was made by inserting a stout, flanged Perspex tube between two 
ribs on each side of the chest. The influence of the movements of the lungs on the record of the 
diaphragm contractions was further kept to a minimum by ventilating at the high rate of about 
45/min., thus reducing to a small volume the tidal air required to give adequate gaseous exchange. 

Neuromuscular block of the diaphragm was studied in cats with open pneumothorax and under 
constant artificial ventilation. Both phrenic nerves were dissected out in the neck, and the tied 
peripheral ends placed on electrodes connected to an electronic stimulator. Contractions of the 
diaphragm to electrical stimulation of the nerves were recorded by the phrenograph. 

In a few experiments the blood pressure was stabilized against the changes normally following 
the injection of TEPP or atropine. The arterial system was connected through a carotid artery 
to a reservoir of heparinized cat’s blood, kept at body temperature and contained in a rubber bag 
surrounded by a large volume of air at suitable pressure. This buffer system allowed only very 
small changes of blood pressure (<8 mm. Hg) during vasodilatation or vasoconstriction, as blood 
left or entered the reservoir to compensate for the volume change of the vascular system. 


RESULTS 
An intravenous injection of 0-3 mg./kg. of TEPP caused death within 5 min. in 
all cats; 0-25 mg./kg. was not always fatal. Respiratory movements generally 
ceased about a minute after injection, or less with the higher doses, and 
always failed some time before the heart. There were widespread muscular 
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fasciculations and frequently convulsions. Death could be prevented by 
artificial ventilation, although this had no detectable effect on the convulsions 
and. fasciculations; when the artificial ventilation had been maintained for 
about 40 min. spontaneous breathing started again. 

A typical experiment with 0-3 mg./kg. TEPP is shown in Fig. 1. After a brief 
_ period of respiratory stimulation, air intake falls away rapidly with diminution 
of the contractions of the respiratory muscles and of the fluctuations of the 
intrapleural pressure. No evidence is seen of bronchoconstriction before 


Fig. 1. Cat, chloralose-urethane. Record of chest movements (inspiration downwards), intra- 
pleural pressure, diaphragm movements (inspiration upwards), systemic blood pressure and 
air intake. At signal, 0-3 mg./kg. TEPP injected intravenously. . 


respiratory movements fail. Once they have failed any bronchoconstriction 
present would not be shown in our records. We are therefore unable to state 
whether it occurred or not at the later stages of the experiment. In any case it 
cannot have been more than a secondary factor in the development of respira- 
tory failure, which results primarily from abolition of breathing movements. 

In only one cat was the effect of TEPP different. Lung ventilation ceased 
despite persistent muscular contractions and powerful intrapleural pressure 
fluctuations (Fig. 2). Here the failure is not a weakening of the lung-inflating 
mechanisms, but a lessening of the distensibility of the lungs. Such an effect 
arising from bronchoconstriction is a well-recognized feature of anticholin- 
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y esterase poisoning, and this experiment illustrates the profound obstruction to 
8 breathing it can cause. 
f 
> 
. Fig. 2. Cat, chloraldse-urethane. Record of chest movements (inspiration downwards), intrapleural 
pressure, diaphragm movements (inspiration upwards), systemic blood pressure and air intake. 
At ae 0-3 mg./kg. TEPP injected intravenously. 
d 
a | Fig. 3. Cat, chloralose-urethane. Diaphragm contractions to bilateral phrenic nerve stimulation 
($ sec. bursts of maximal shocks of frequency 30 per sec. every 10 sec.). At arrow 0-45{mg./kg. 
t TEPP injected intravenously. Subsequent traces are samples from the continuous record taken 
5 | 10, 20, 30, 40 and 50 min. later. 
_ Neuromuscular block. If the phrenic nerves are stimulated and the diaphragm 
d contractions recorded, intravenous injection of TEPP (0-45 mg./kg.) may be 
e > seen to cause a prompt dwindling of the diaphragm response to repetitive 
a stimulation (Fig. 3). Within a minute or so of injection scarcely any response 
t remains, although direct stimulation of the diaphragm evokes a powerful 
> oe contraction and, as shown later, the phrenic nerve still conducts. The block is 
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reversible, and passes off with time. The profound neuromuscular paralysis 
shown in the experiment of Fig. 3, in which the phrenic nerve is stimulated 
electrically, persists for more than 20 min. This is longer than paralysis lasts 
when the diaphragm is contracting to natural spontaneous phrenic discharge. 
The more prolonged paralysis is probably due to the greater intensity of nervous 
activity caused by the electrical stimulation which involved stimulation for 
half a second every 10 sec. with supramaximal shocks at a frequency of 30 per 
sec. A number of findings indicate such a relationship between intensity of 
stimulation and degree of block. Diaphragm contractions to single maximal 
motor nerve shocks, for example, are not depressed but potentiated by intra- 
venous injections of 0-6 mg./kg. TEPP. To show depression to single shocks, 
either larger doses of TEPP are required, or a short tetanic stimulation has to 
be interpolated in the train of single shocks (Fig. 4). Further, if stimulation is 
withheld for a brief period during recovery of neuromuscular function, the first 
contraction after the pause is larger than its fellows (Fig. 5). And again, during 
recovery, successive tetanic responses may tend to diminish, yet maintain their 
- amplitude when elicited less frequently (Fig. 6). 

Some neuromuscular block also develops in the absence of nerve stimulation. 
In some experiments the phrenic nerves have been tied; cut and mounted on 
electrodes. Then control responses have been elicited and TEPP injected in the 
absence of stimulation. Tests made some minutes later in these experiments 
showed that considerable block had occurred, although this was obviously less 
than when electrical stimulation was continuously maintained. | 

Failure of central respiratory activity. Records of the action potentials in the 
phrenic nerve show that the respiratory centre fails shortly after injection of 
TEPP. This failure might be thought to arise from asphyxia consequent on the 
peripheral actions of TEPP such as neuromuscular block or bronchoconstriction. 
However, the complicating factor of asphyxia has been countered in a number 
of experiments by artificially ventilating the cat throughout, the chest being 
opened, the vagi cut, and the respiratory pump adjusted so that the animal 
made spontaneous respiratory movements. In these conditions TEPP still 
caused the centre to fail (Fig. 7). The likelihood that this failure is due to 
asphyxia is further diminished by the finding that for about 40 min. after TEPP 
poisoning, central respiratory activity could not be restored by changing the 
rate of artificial ventilation. In whatever way the minute volume of artificial 
respiration was varied in individual experiments, the respiratory centre 
remained quiescent, and death occurred when the pump was switched off. It 
was only when artificial ventilation had been maintained for about 40 min. 
spontaneous respiration reappeared. 

The action of atropine and hyoscine on central respieaiory ili: Prompt 
recovery of the respiratory centre could be induced at any time by atropine or 
hyoscine. Usually within 10-30 sec. of intravenous injection of one of these 
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8 ‘Fig. 4. Cat, chloralose-urethane. Diaphragm contractions to stimulation of both phrenic nerves ~ 
t every 8 sec. with single maximal shocks A. Control.; at arrow 0-6 mg./kg. TEPP injected 

intravenously. B. After further TEPP injected intravenously (total 1-2 mg./kg.); at arrow 
‘ a single burst of repetitive stimulation (4 sec. at 30 per sec.) applied to nerve. 


| 
8 
2 Fig. 5. Cat, chloralose-urethane. Diaphragm contractions. Both phrenic nerves stimulated for 
} sec. every 10-sec, with maximal shocks at 30 per sec. Record taken during recovery after 
: ¥. 0-4 mg./kg. TEPP intravenously. Stimulation withheld during periods indicated by gaps. 
l 
) 
> 
l 
t 
t Fig. 6. Cat, chloralose-urethane. Contractions of the diaphragm to repetitive (25 per sec.) stimula- 
. tion of both phrenic nerves with maximal nerve shocks. In B the stimulus is applied less 


frequently than in A. 
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drugs (1 mg./kg.) bursts of action potentials reappeared in the phrenic nerve 
(Fig. 7), and thereafter the respiratory centre continued to discharge apparently 
normally for the duration of the experiment; even large doses of TEPP 
(4-10 mg./kg.) then failed to suppress its activity. But neither atropine nor 
hyoscine appears to influence the neuromuscular impairment, and how well the 


Fig. 7. Cat, pentobarbitone sodium. Both vagi cut. Bilateral open pneumothorax. Constant 
artificial respiration. Records of spontaneous respiratory activity. Upper record shows 
diaphragm contractions (indicated by widening of the trace). Lower record shows action 
potentials in the left’ phrenic nerve. A. Control. B. 30 sec, after TEPP 0-35 mg./kg. intra- 
venously. C, 3 min, after TEPP 0-35 mg./kg. intravenously. D. 1 min. later, during which 
time atropine 1 mg./kg. has been injected (arrow indicates the onset of phrenic discharge). 


respiratory impulses restore breathing movements depends on the intensity of 
block present. During the first few minutes of TEPP poisoning when block is 
profound, little or no muscular movement occurs (Fig. 7), but with time the 
movements increase, and in about 10-15 min. the block has so lessened that 
they are sufficiently strong to maintain life (viz. Figs. 9 and 10). Recovery of 
neuromuscular transmission in the spontaneously breathing animal is obviously 
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much more rapid than in an animal whose phrenic nerves are stimulated electri- 


cally as shown in Fig. 3. An estimate of the course of paralysis to spontaneous 
phrenic nerve activity is obtained by recording the diaphragm contractions in 
a cat whose respiratory centre is protected against the actions of TEPP by 
atropine, and kept in a steady state of activity by artificial ventilation suitably 
regulated as described for the experiment of Fig. 7. An experiment of this 
nature is illustrated in Fig. 8. However, the degree of neuromuscular block 
which occurs in such circumstances is probably somewhat greater than that 
which exists in experiments where failure of the respiratory centre also occurs, 
i.e. in cats not given atropine or hyoscine. In the experiments of Figs. 9 and 10, 
for example, restoration of respiratory centre discharge with hyoscine evoked 
diaphragm contractions which were powerful in comparison with those 


Fig. 8. Cat, chloralose-urethane. Atropine 2 mg./kg. Bilateral open pneumothorax and constant _ 
artificial ventilation. Phrenograph record of spontaneous movements of the diaphragm. At 
arrow, TEPP 0-45 mg./kg. intravenously. Subsequent records 5, 10, 15, 20, 25 min. later. 


occurring the same time after poisoning in the experiment of Fig. 8. It seems 
that the greater spontaneous phrenic nerve activity has resulted in the more 
profound block, just as was found to be the case for electrical stimulation. 
Nevertheless, the experiment of Fig. 8 clearly illustrates both the severity of 
the neuromuscular blocking action of TEPP and its transience. In so doing, it 
explains fully why atropine fails to prevent respiratory failure yet restores 


powerful breathing when given some minutes after poisoning. 


In combination with artificial respiration, however, atropine or hyoscine 
affords a considerable measure of protection against TEPP. Each of several 
cats given atropine or hyoscine (2 mg./kg.) plus artificial respiration has 
survived intravenous injection of 10 mg./kg. TEPP. Spontaneous breathing 
reappeared about 40-60 min. after this huge dose. . 

The action of atropine and hyoscine on convulsions. Although the most striking 
effect of the atropine alkaloids was to restore central respiratory activity, 
another action was frequently observed. Thus, when convulsions were present, 
they were much diminished by atropine or hyoscine. The effect was only 
observed with the higher doses (1 mg./kg. or more); smaller doses, although 
controlling parasympathetic effects of TEPP, had little apparent influence on 
convulsions. 

PH. CXVI. 14 
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Paralysis of chest muscles. The neuromuscular disturbance of the chest 
muscles has not been studied in the same detail as that of the diaphragm, but 
seems to follow a similar pattern. Thus, although atropine maintains the activity 
of the respiratory centre, the movements of the chest wall dwindle during the 
height of poisoning as do those of the diaphragm. The chest, however, appears 
to be less severely affected. This may be seen during the onset of symptoms 
(Fig. 1), and a similar relationship has been observed during recovery. In one 
cat, for example, when atropine was given 5 min. after TEPP, movements of 
the chest reappeared, although the diaphragm was so enfeebled that it rose 
passively into the chest with each breath and prevented adequate lung ventila- 
tion. Some 4 min. later, after further artificial ventilation, the diaphragm also 
began to contract and spontaneous breathing was then able to maintain 
life. 

Analysis of the action of atropine and hyoscine. Atropine or hyoscine rapidly 
overcomes the parasympathomimetic effects of TEPP, such as failure of the 


Fig. 9. Cat, chloralose-urethane. Chest intact. Normal respiration. Diaphragm movements 
(phrenograph) and systemic blood pressure. Artificial respiration given during periods where 


diaphragm trace is underlined. A. 0-45 mg./kg. TEPP intravenously at signal. B. 11 min. later, 


showing absence of spontaneous respiratory movements on first test and their reappearance on 
second test, during which hyoscine (1 mg./kg.) was injected intravenously (at point indicated 
by arrow). First breath taken at point marked X on blood-pressure record. 
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circulation or bronchoconstriction, and when given during artificial ventilation 
increases the respiratory exchange. The question therefore arose as to how 
much these peripheral effects contributed to the restoration of the respiratory 
centre. This problem was approached by making use of the fact that the 
neuromuscular block caused by TEPP is more transient than the central 
respiratory failure, so that after the first few minutes of poisoning the presence 
or absence of respiratory muscle movements is a reliable index of whether,or 
not the respiratory centre is functioning. It was found that atropine or hyoscine 


Fig. 10. Cat, chloralose-urethane. Both vagi cut. Bilateral open pneumothorax, constant artificial 
- ventilation. Records of spontaneous diaphragm movements (phrenograph) and ‘systemic 
blood pressure. A. 0-45 mg./kg. TEPP intravenously at signal. B. 8 min. later; intravenous 
infusion of adrenaline (150 yg. in 15 ml. saline) and injection of hyoscine (1 mg./kg.). First 
breath taken at point marked X on blood- — record. 


each restored the activity of the eseetons centre, even when the possibility 
of its improving lung ventilation was excluded. In experiments such as illus- 
trated in Fig. 9, for example, either drug restored breathing movements when 
injected during a period in which respiration was withheld. The restoring effect 
of atropine and hyoscine on respiration was thus not dependent on respiratory 
changes in the lungs. Nor did it depend on the.circulatory effects. Breathing 


often began before the circulation had been fully restored (at points X in Figs. 9 
and 10); further, quickening the heart and raising the systemic blood pressure 
by infusing adrenaline to mimic the effect of the belladonna alkaloids, failed to 
‘arouse breathing (Fig. 10); and finally, in experiments in which significant 
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fluctuations in blood pressure were avoided by using a stabilizing device, 
atropine still restored breathing movements. 

Pentamethonium. Atropine or hyoscine do not overcome the neuromuscular 
block caused by TEPP. This action still causes death unless artificial ventilation 
is maintained until it has passed. No satisfactory antagonist to the neuro- 
muscular blocking action of anticholinesterase drugs has yet been described. 
The block, however, is probably caused by excess of acetylcholine, and a 
similar block produced by the acetylcholine-like substance, decamethonium, 
is reduced by pentamethonium (Paton & Zaimis, 1949). It was found that 
pentamethonium also opposed the neuromuscular paralysis produced by 
TEPP. In atropinized cats, artificially ventilated, several times the normal 
paralysing dose of TEPP could be given after pentamethonium without the 
development of the usual profound block (compare Fig. 11 with Fig. 7). 


TEPP 0-35 mg./kg.  TEPP 1-35 mg./kg. 
Control C.5 
Fig. 11. Legend as in Fig. 7 (same animal 2 hr. later), Atropine 4 mg./kg. Upper record shows 
diaphragm excursion. Lower record shows action potentials in left phrenic nerve. Repre- 
sentative tracings taken before and after pentamethonium (C5, 15 mg./kg.), showing the 
effect of two doses of TEPP, 5 and 8 min. after C5. 


Trial of the prophylactic effect of pentamethonium in a few atropinized cats 
breathing spontaneously has shown that while this drug (10-15 mg./kg.) does 
prevent the precipitate neuromuscular paralysant action of TEPP, it does not 
prevent death, but only delays it. Experiments in which the phrenic nerves 
have been electrically stimulated, as in Fig. 3, have shown that the protective 
effect of pentamethonium at the neuromuscular junction is only partial, and 
that TEPP still causes neuromuscular block after pentamethonium. This may 
account for the failure of pentamethonium to prevent death. On the other 
hand, the failure may arise from some other action of pentamethonium such as 
block of autonomic ganglia or central depression. 


DISCUSSION 
The cat is generally considered to be especially susceptible to the parasympa- 
thomimetic effects of anticholinesterase poisoning such as bronchoconstriction 
(Gilman & Koelle, 1949). Our experiments, however, show that doses of TEPP 
causing rapid death act primarily by abolishing the normal lung inflation forces. 
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In such circumstances bronchoconstriction seldom plays a significant role. 
Nevertheless, it has clearly manifested itself in one exceptional experiment where 
respiratory muscle contractions persisted, and is probably present in most of 
the TEPP poisoned cats. TEPP (0-2-0-4 mg. /kg.) given to cats with open chest 
under constant negative pressure ventilation (Douglas, unpublished observa- 
tions) has usually caused a pronounced reduction in tidal air. In different 
circumstances greater significance might be attached to bronchoconstriction; 
for example, were the failure of respiratory movements avoided by some 
treatment; or again, were administration of TEPP by inhalation to favour 
effects in the lungs. But the finding that bronchoconstriction is of secondary 
importance in acute death following intravenous injection, and in any event is 
readily controlled by atropine, focuses attention on the extrapulmonary factors, 
neuromuscular block and failure of the respiratory centre. 

Neuromuscular block. The neuromuscular block which was found to appear 
within seconds of injection and to cause profound paralysis of the respiratory | 
muscles must be attributed to inactivation of cholinesterase at the end-plate 
region. Chennells, Floyd & Wright (1949) have shown that the effects of TEPP 
on the mechanical and electrical responses of the cat’s femoral nerve—quadriceps 
preparation closely resemble those of eserine. Similarly, the actions of TEPP 
on the diaphragm, namely, potentiation of the single maximal motor nerve 
shock, depression of the response to repetitive nerve stimulation, and post- 
tetanic depression of single twitches, are all well-recognized features of cholin- 
esterase inhibition and explained by persistence of acetylcholine. The obvious 
source of this acetylcholine is the gross activity of motor nerves, either as a 
result of normal efferent discharge or electrical stimulation of the nerve trunk. 
But other sources are possible: e.g. random discharge in the nerve cut and 
mounted on electrodes (Bacq & Brown, 1937); leakage from the terminal fibres 
of the resting nerve (Feldberg, 1945a; Fatt & Katz, 1950); or even carriage in 
the blood from other sites in the cholinesterase depleted animal. This last 
possibility has in fact been examined recently by Douglas & Paton (unpublished 
observations), and considerable quantities of acetylcholine have been found in 
the circulation of cats poisoned with large doses of TEPP. It is therefore 
understandable that some neuromuscular block should develop, even in the 
absence of nerve stimulation, and yet be entirely a consequence of the cholin- 
esterase inhibiting property of TEPP. There is no need to postulate some direct 
nicotine-like action of TEPP as do Heymans and his school (see Verbeke, 1949). 

Throughout, the relation between intensity of nervous activity and the degree 
of neuromuscular block has been striking; the greater the nervous activity the 
more profound the block. Such a relationship is the obvious consequence of the 
action of TEPP being indirect and dependent upon endogenous acetylcholine. 
It has revealed itself not only when the phrenic nerves were stimulated 
electrically but also when they were activated normally by the respiratory 
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centre. Diaphragm paralysis, for example, was comparatively severe in those 
animals in which the respiratory centre was maintained active by atropine. 
Indeed, it appears probable that in TEPP poisoning, failure of the respiratory 
centre to some extent spares the myoneural junction. Consideration of this 
effect might be of value in treatment. Thus, recovery of neuromuscular function 
of respiratory muscles might be promoted by suppression of the activity of the 
respiratory neurones by suitable artificial ventilation, while suppression of 
convulsions by atropine or barbiturates might be expected to lessen - extent 
of paralysis of other skeletal muscle. 

In the case of TEPP the neuromuscular block following intravenous injection 
is short-lived, and adequate function reappears within 15 min. when life is 
maintained by artificial ventilation. Other anticholinesterases such as DFP 
_ have a much less transient effect, and attempts have been made to overcome 
this aspect of poisoning by pharmacological means. Curare and Mgt+ have 
both been tried but with little success (see Gilman & Koelle, 1949). Our 
experience with pentamethonium shows that it has some protective action 
against the neuromuscular effects of TEPP, but not to an extent to be of 
importance therapeutically. Nevertheless, the demonstration of such activity 
in this compound is encouraging and suggests that further trial might be worth 
while. 

Failure of the respiratory centre. The failure of the respiratory centre which 
followed injection of TEPP was of longer duration than the neuromuscular 
block. It was the most striking of the effects and obviously a factor of prime 
importance in the acute toxic action of that substance. Some workers attribute 
such central respiratory failure to asphyxia consequent upon peripheral effects 
of the anticholinesterase drug, such as paralysis of the respiratory muscles, 
bronchoconstriction and lowered blood pressure. Lundholm (1949) offers this 
explanation for the effect of DFP in the rabbit, and there is some evidence that 
in the same species TEPP poisoning also involves such a peripheral mechanism 
(de Candole, Douglas & Spencer, 19506). But the results of our experiments, in 
which lung ventilation and blood pressure have been controlled, suggest that the 
central respiratory failure produced in cats by the intravenous injection of 
TEPP is not brought about in this indirect way. Nerve section shows, further, 
that afferents in the vagus, aortic or sinus nerves are not involved. A central 
action of TEPP seems more likely. In this case the restorative action of atropine 
or hyoscine is of special interest. Here again the control experiments indicate 
that the effect of these drugs too is independent of their peripheral action in 
overcoming parasympathomimetic effects. Indeed, the weight of evidence 
points to the failure of the respiratory centre after TEPP and its resumption 
of activity after atropine or hyoscine being due to actions of these substances 
within the central nervous system: A similar antagonism between anti- 
cholinesterases and atropine on the respiratory centre has been described by 
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Schweitzer & Wright (1938) using neostigmine, and by Gesell & Hansen (1943) 
using eserine. | | 

The significance of our evidence, and any bearing it has on the hypothesis 
that acetylcholine is normally involved in respiratory centre function (see 
Gesell & Hansen, 1943; Miller, 1949) depends on the answer to a question that 
is continually raised by such studies, namely, whether the effects of these drugs 
are entirely referable to their influence on the actions of endogenous acetylcholine. 
Certain facts favour the view that TEPP acts entirely by allowing accumulation 
of acetylcholine. Inhibition of cholinesterase is the only action of this drug 
which has yet been demonstrated. Moreover, acetylcholine has been found to 
have central effects on respiration, depression as well as excitation (see review 
by Feldberg, 19456). And finally, these central actions of acetylcholine on the 
respiratory centre are opposed by atropine (Gesell & Hansen, 1943). 

On the other hand, it would be dangerous to conclude that all central actions 
of an antagonism of acetylcholine are explained by its annulling the effects of 
acetylcholine. For instance, both atropine and hyoscine are antagonists to 
acetylcholine as well as to the anticholinesterases, but the main central actions 
of atropine are excitant, those of hyoscine depressant. It is impossible to say 
at the present stage of our knowledge to what extent these effects are the result 
of an antagonism of central actions of acetylcholine. 

Whatever the mechanism involved in the action of these drugs on central 
respiratory function, the fact remains that atropine or hyoscine protects against, _ 
or abolishes, the effect of TEPP on central respiratory mechanisms. This action, 
together with control of parasympathomimetic effects, allows the cat to survive 
huge doses of TEPP provided the transient neuromuscular block is countered 
by artificial ventilation. | 

Convulsions and the action of atropine and hyoscine. The convulsions produced 
by TEPP are, by their co-ordinate nature, obviously of central origin. The fact 
that they are suppressed by atropine or hyoscine is thus further evidence of a 
central antagonism between these belladonna alkaloids and the anticholin- 
esterases. Antagonism of this nature was first seen by Langley & Kato (1914), 
who found the central convulsant action of eserine was diminished by atropine, 
and similar actions of atropine have been observed subsequently in poisoning 
by DFP (Modell & Krop, 1946) and other alkyl phosphate anticholinesterases 
(Gilman, 1946). Some workers, however, have found atropine ineffective 
against the convulsant action of DFP (Heymans & Jacob, 1947) and TEPP 
(Burgen, Keele & Slome, 1949), but the discrepancy may be due to difference 
in dosage. Heymans & Jacob do not state the amounts used, but Burgen et al. 
certainly used less atropine than we have done. In our experiments fairly large 
doses of atropine (or hyoscine), such as were required to restore the respiratory 
centre, were found necessary to diminish convulsions, whereas small doses 
of atropine sufficient to control the parasympathomimetic effects had little 
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apparent central action. In favour of this interpretation is the observation 


of Wescoe, Green, McNamara & Krop (1948) that the convulsive electro- 


encephalogram patterns induced by DFP were controlled by atropine or 
hyoscine, but only in large doses (1 mg./kg. or more). 
The presence of a significant central component in the action of atropine, 


such as we have found in TEPP poisoning, renders it difficult to interpret — 


experiments which employ atropine as a pharmacological tool to analyse the 
mechanism of death from anticholinesterase poisoning. Modell & Krop’s (1946) 
assumption that death from DFP in the cat was largely muscarinic because it 
was relieved by atropine is a case in point. Furthermore, atropine treatment 
of anticholinesterase poisoning should take into consideration the control of 
central as well as parasympathomimetic symptoms, and dosage should be 
regulated accordingly. Clinical experience which, from the beginning, has 
demonstrated the usefulness of atropine in controlling parasympathomimetic 
actions, is providing growing evidence of atropine antagonism to the central 
effects. Grob et al. (1950), for example, found that atropine restored conscious- 
ness in patients comatose as a result of exposure to the anticholinesterase 
- Parathion. At the same time, the doses of atropine they gave to their patients, 
although large by usual clinical standards, are small by comparison with the 
amounts needed to control central effects in the cat. Death in these patients, 
as in the cat, seems to be largely due to depression of medullary centres, and 
higher doses of atropine (or indeed of hyoscine) might well prove beneficial. 

It is generally held that TEPP inhibits cholinesterase in an irreversible manner, 
and certainly no recovery of activity is apparent when reversibility is sought 
_ tn vitro by dilution techniques (Brauer, 1948; Augustinsson & Nachmansohn, 
1949; Aldridge, 1950). It may therefore seem surprising that the toxic effects 
of TEPP we have described are of such short duration. Doubt may even arise 
as to whether the symptoms are, in fact, attributable to cholinesterase depletion. 
An answer has been provided by the demonstration that the inhibition of 
cholinesterase caused by TEPP in vivo is reversible, at least in part, and that 
recovery of tissue cholinesterase activity is much more rapid than after DFP 
(Dayrit, Manry & Seevers, 1948; Hobbiger, 1951). Subsequent experiments 
have shown that reversibility can also be demonstrated in vitro, provided the 
TEPP-poisoned tissue preparations are incubated over a sufficient length of 
time (Grob & Harvey, 1949; Hobbiger, 1951). Whatever the explanation of this 
reversibility (see Burgen, 1949; Hobbiger, 1951), it supports the simple view 
that the rapid recovery from TEPP poisoning is brought about by quick 
restoration of cholinesterase activity. 
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SUMMARY 
1. The cause of death from intravenous injection of tetraethylpyrophos- 


_ phate (TEPP) was examined in cats. 


2. Injection of 0:3-0-6 mg./kg. caused death by respiratory failure. The 
factors responsible for this were paralysis of the respiratory muscles and failure 


of the respiratory centre. Bronchoconstriction occurred but played a secondary 
Tole. 


3. Paralysis of the respiratory muscles was due to neuromuscular block. 


2 The block showed the characteristic features of cholinesterase inhibition and 


_ probably resulted entirely from acetylcholine accumulation at the end-plate 


Tegion. 


4. Failure of the respiratory centre—observed by recording the action 


- potentials i in the phrenic nerve—was independent of the peripheral actions of 
_ TEPP on lung ventilation and blood pressure. It appeared to be due to an 
- action of TEPP within the central nervous system. 


5. The effects of TEPP on the neuromuscular junction and respiratory 


centre were reversible. Neuromuscular block lasted some 15 min.; central 
respiratory failure was more persistent. 


6. The neuromuscular block was partly relieved by pentamethonium (C5). 
7. Failure of the respiratory centre was prevented or overcome by atropine 


or hyoscine. 


8. Atropine or hyoscine diminished the central convulsions which were 


: _ observed after TEPP, and in addition controlled the parasympathomimetic 

effects. Thus, provided the transient paralysis of the respiratory muscles was 

_ combated by artificial respiration, these alkaloids prevented death even from 
‘es doses of TEPP. 


REFERENCES 


Aldridge, W. N. (1950). Biochem. J. 46, 451. 

Augustinsson, K.-B. & Nachmansohn, D. (1949). J. biol. Chem. 179, 543. 
Bacq, Z. M. & Brown, G. L. (1937). J. Physiol. 89, 45. 

Brauer, R. W. (1948). J. Pharmacol. 92, 162. 

Burgen, A. 8. V. (1949). Brit. J. Pharmacol. 4, 219. 

Burgen, A. S. V., Keele, C. A. & Slome, D. (1949). J. Pharmacol. 96, 396. 
de Candole, C. A., Douglas, W. W. & Spencer, K. E. V. (1950a). J. Physiol. 111, 21P. 
de Candole, C. A., Douglas, W. W. & Spencer, K. E. V. (19506). J. Physiol. 111, 23 P. 
Chennells, M., Floyd, W. F. & Wright, 8. (1949). J. Physiol. 108, 375. 
.Dayrit, C., Manry, C. H. & Seevers, M. H. (1948). J. Pharmacol. 92, 173. 
Douglas, W. W. & Matthews, P. B. C. (1951). J. Physiol. 114, 31 P. 
Fatt, P. & Katz, B. (1950). Nature, Lond., 166, 597. 

W. (19452). J. Physiol. 103, 367. 

Feldberg, W. (19450). Physiol. Rev. 25, 596. ‘ 

Gesell, R. & Hansen, E. T. (1943). Amer. J. Physiol. 139, $71. 
Gilman, A. (1946). Ann. N.Y. Acad. Sci. 47, 549. 


on | 
or |, 
5) 
mt 
of | 
b | 
1as 
ic 
ral 
is- 
he | 
r d 
er, 
ht 
itl, 
ts 
ise 
mn. 
of 
at 
its 
he 1 
of | 
his 
ck 
ig 


218 


W. W. DOUGLAS AND P. B. C. MATTHEWS 


Gilman, A. & Koelle, G. B. (1949). J. Pharmacol. 96, 166. 

Grob, D., Garlick, W. L. & Harvey, A. M. (1950). Johns Hopk. Hosp. Bull. 87, 95. 
Grob, D. & Harvey, A. M. (1949). Johns Hopk. Hosp. Bull, 84, 532. 
Heymans, C. & Jacob, J. (1947). Arch. int, Pharmacodyn, 74, 233. 

Hobbiger, F. (1951). Brit. J. Pharmacol, 6, 21. 

Langley, J. N. & Kato, T. (1914). J. Physiol. 49, 410. 

Lundholm, L. (1949). Acta physiol. Scand. 16, 345. 

Miller, F. R. (1949). Canad. J. Res. 6, 374. 

Modell, W. & Krop, 8. (1946). J. Pharmacol. 88, 34. 

Paton, W. D. M. & Zaimis, E. J. (1949). J. Physiol, 108, 55 P. 

Schweiteé¥, A. & Wright, 8. (1938). Quart. J. exp. Physiol. 28, 33. 

Verbeke, R. (1949). Arch. int. Pharmacodyn. 80, 19. 

Wescoe, W. C., Green, R. E., McNamara, B. P. & Krop, 8. (1948). J. Pharmacol, 92, 63. 
Wilson, K. M. (1950). J. Physsol. 111, 31 P. 

Wood, J. R. (1950). J. Amer. med. Ass. 144, 606. 


‘ 
. q 
a 
NS 
A, 
¥ 
a 
q 
= 
( 
q 
fi 
‘ 


219 


J. Physiol. (1952) 116, 219-227 


THE EFFECT OF THE ADRENALS AND THE PITUITARY 
ON BLOOD PRESSURE AND CARDIAC HYPERTROPHY OF 
RATS 


By MARGARET BEZNAK* 
_ From the Department of Physiology, University of Birmingham 
(Recewed 4 September 1951) 


It was found previously (Hajdu & Beznék, 1947) that narrowing the ascending 
or the descending aortae of rats caused a cardiac hypertrophy. Hypophy- 
sectomy prevented this hypertrophy (Hajdu & Beznék, 1943, 1945). The 
question arose whether the absence of cardiac hypertrophy in hypophy- 
sectomized rats was due to the lack of some pituitary hormone or hormones 
acting directly on the cardiovascular system, or whether it was mediated 


through the secondary atrophy of one of the endocrines resulting from the _ . 


lack of the trophic hormones. In previous experiments we found that the 
hearts of thyroidectomized rats were able to hypertrophy on narrowing their 
aortae (Beznék & Hajdu, 1944, 1945). Observations in the literature indicate 
that the adrenals play a part in the cardiovascular changes of hypophy- 
sectomized rats. Desoxycorticosterone acetate and cortical extracts partially 
restore the blood pressure of hypophysectomized rats (Leathem & Drill, 
1943, 1944) or in hypertensive rats restore the pre-hypophysectomy hyper- 
tension level (Page, Ogden & Anderson, 1946). Anderson, Page, Li & Ogden 
(1944) found that the abolition of renal hypertension which occurred after 
hypophysectomy was prevented by ACTH. Rather (1949) observed a reduced 
cardiac hypertrophy (caused by unilateral nephrectomy and compression of 
the other kidney) in adrenalectomized rats. Prolonged treatment with large 
doses of corticosterone caused hypertension and cardiac enlargement in rats 
(Selye & Hall, 1944). 
_ The aim of the experiments described in this paper was to find out whether 
the lack of cardiac hypertrophy and the low blood pressure of hypophy- 
sectomized rats could be explained by an action via the adrenals. In other 
words, is the adrenal atrophy occurring after hypophysectomy responstble 
for these results? 
* With a personal grant from the Medical Research Council. 
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METHODS 


One series of experiments was made on female, the others on male albino rats. The animals lived 
in cages in groups of ten and were given an ad libitum diet of rat cake nuts (containing 14% dried 
skimmed milk) and water. The weights of the rats in each group were kept very close, the standard 
deviation of the individual cases round the mean not exceeding + 12 g. 

All operations were performed under ether anaesthesia. Where the ascending aorta was narrowed, 
this was done—as described (Hajdu & Beznak, 1947)—between its origin from the heart and the 
brachiocephalic artery with a silver ring of 1-15 mm. diameter. The descending aorta was narrowed 
just below the diaphragm, before the branching off of the large abdominal vessels, with a silver 
ring of 0-85 mm. diameter. When adrenalectomy or hypophysectomy (Smith, 1930; modified by 
Bezndk, 1952) were also performed, they were carried out at the same time as the aortic narrowing. 
Five days after the operation the rate were narcotized with ether and their blood pressure 
measured (Bezndk, 1952). Then they were killed by clamping the trachea. The data reported here 
refer only to those rats in which hypophysectomy was found to be complete by the macroscopic 
examination of the sella and the weight changes of the endocrine glands. 

Eucortone (Allen and Hanbury) was used as a suprarenal cortical extract, 3 ml. of it being 
given to each rat, intraperitoneally, daily, in two doses (1-5 ml. morning and evening). As adreno- 
corticotrophic hormone, the powdered ACTH preparation of the Armour Laboratories was used, 
triturated and diluted with physiological saline, so as to contain 500 yg./ml. Of this solution 1 ml. 
was given to each rat daily, intraperitoneally, in three doses: 0-25 ml. in the morning, 0-25 ml. at 
midday and 0-5 ml. in the evening. Solutions were made freshly every day and kept in the 
refrigerator between the injections. The control rats of both Eucortone and ACTH series received 
injections of saline. 


Adrenalectomized series. | 
In order to find whether adrenalectomy prevents cardiac hypertrophy, the 
heart weight of normal, adrenalectomized and hypophysectomized animals 
was compared with that of similar groups in which the aortae had been 
narrowed. The rats of this series were females, weighing 140-170 g. (156 + 0-86). 
Heart hypertrophy was produced by “upper narrowing’, i.e. by narrowing the 
ascending aorta. This was done since rats did not survive the laparotomy 


necessary for narrowing the descending aorta, when the adrenals were 
removed at the same time. 


Table 1 gives the mean heart weights of the different groups of this series. 


(n=number of rats; %=percentage change, as compared with normal; Pm probability, 
calculated by ‘t’ test; * comparison is made with group 5.) 


Mean 
heart weight 

Groups | n (mg.+8.z.) % P 

1. Normal 28 487+ 6-5 
_ 2, Normal +narrowing 13 672 + 23-6 +38 <0-001 

3. Adrenalectomy 13 491+ 6-9 
4. Adrenalectomy + narrowing 14. 581 + 11-7 +19 <0-001 
. Hypophysectomy 13 408+ 9-2 -16 <0-001 


Hypophysectomy + narrowing 7 467+ 9-9. - 4 >0-1, <0-001* 
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This table shows: 

(1) Five days after narrowing the ascending aortae of normal rats the mean 
heart weight increased from 487 to 672 mg., i.e. a weight increase of 38 % (line 2). 

(2) The weight of the hearts of adrenalectomized rats showed no change as 
compared with the normal (line 3). 3 

(3) On narrowing the ascending aortae simultaneously with the adrenal- 
ectomy, the weight increase of the hearts was smaller than in normal rats, but 
there was still a well-pronounced hypertrophy of 19% (line 4). 

(4) The hearts of hypophysectomized rats showed an atrophy (line 5), in 
accordance with earlier data (McQueen- Williams & Thompson, 1940; Hajdu & 
Beznék, 1943, 1945). 

(5) Narrowing the ascending aortae of hypophysectomized rats caused no 
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Fig. 1. The weights (in mg.) of adrenals, thyroids and ovaries in different experimental groups. 
Doubly cross-hatched area: standard error of the mean. Cross-hatched area; standard 
deviation of the individual cases. 
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cardiac hypertrophy, though the atrophy of the heart which occurs without 
the narrowing was diminished. 

Fig. 1 shows the changes in the weights of the endocrine glands: suprarenals, 
thyroids, ovaries, of these groups. It can be seen that there is an adrenal 
hypertrophy in the normal rats whose aortae were narrowed. As mentioned 
elsewhere (Bezn4k, 1952), we always found the adrenal weight somewhat 
increased in such rats. Here this is the more noteworthy as no laparotomy 
was carried out in this group. In hypophysectomized rats, the endocrine glands 
studied showed a decrease in weight. _ 

Eucortone series 

The rats of this series were males, weighing 210-245 g. (228+1:5). Cardiac 
hypertrophy was produced by narrowing the descending aorta. The mean 
weights of the hearts of normal, normal+narrowed, hypophysectomized, 


hypophysectomized + narrowed rats were compared with and without Eucor- 
tone treatment. Table 2 shows a cardiac hypertrophy of 21% in normal rats 


TaBLE 2. The wet weight of whole hearts in mg. 210-245 g. male rats 


(n=number of rats; %=percentage change, as compared with normal; oo 
calculated by ‘t’ test.) 


Mean heart weight 

Groups n (mg. +8.E.) % 
1. Normal 17 666 + 13-5 — — 
2. Normal + Eucortone 8 663 + 20-3 
3. Normal + narrowing 16 806+ 17-8 +21 <0-001 
4. Normal +narrowing+Eucortone 6 870+ 64:3 +31 <0-001 
5. Hypophysectomy 3 10 598+ 14:1 -10 <0-01 
6. Hypophysectomy + Eucortone 6 609 + 25-2 - 9 =0-05 
7. Hypophysectomy + narrowing 10 605 + 12-8 9 <0-01 
8. Hypophysectomy +narrowing+Eucortone 7 604 + 28-4 - 9 <0-05 


as a result of narrowing (line 3). The heart weight of normal rats was un- 
influenced by Eucortone (line 2) and though there was a seemingly greater 
cardiac hypertrophy in normal narrowed rats when treated with Eucortone 
(line 4), this was in reality due to the presence of one outstandingly large heart. 
The mean weight of the hearts of hypophysectomized rats was again smaller 
than that of normal rats (line 5) and this atrophy was uninfluenced either by 
the narrowing (line 7), or by the Eucortone treatment (line 6), or by a com- 
bination of the two (line 8). 

The blood-pressure changes of these groups will be dealt with together with 
the ACTH series. 

ACTH series 

ACTH was administered, as described, to male rats, weighing 180-220 g. 
(200 + 1-3). Table 3, which has a similar construction to Table 2, shows the 
mean heart weight changes of this series. The mean heart weight of normal 
_ Tats was 598 mg. and was uninfluenced by the ACTH. On narrowing the 
descending aorta there was a cardiac hypertrophy of 21%, again unchanged 
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TaBLeE 3. The wet weight of whole heart in mg. 180-220 g. male rats 
(n=number of rats; % = percentage change, as compared with normal; P =probability, calcu- 


lated by ‘t’ test.) 
Mean heart weight 

Groups n (mg.+8.B.) % 

Normal 23 598 + 10-4 — 

2. Normal + ACTH 13 612 + 14-2 
3. Normal +narrowing 16 7244 14-1 +21 <0-001 
4. Normal + narrowing + ACTH ll 723 + 26-1 +21 <0-001 
5. Hypophysectomy 22 514+ 6-0 -14 <0-001 

. Hypop my + narrowing +12°5 - <0-0 

8. Hypophysectomy + narrowing + ACTH 14 515+ 8-2 -14 <0-001 


by the ACTH treatment. After hypophysectomy the heart weight decreased 
by 14% and this atrophy was not significantly affected by ACTH or narrowing 
or a combination of the two. 

Table 4 shows the blood-pressure changes of this series. The blood-pressure 
changes of the Eucortone series were in every respect similar, so that a separate 
table with the actual data is omitted. The normal blood pressure of 116 mm. Hg 
increased to 145 mg. Hg on narrowing. Five days after hypophysectomy the 

TaBiz 4. Mean blood pressure in mm. Hg. 180-220 g. male rate 


(n=number of rats; % = percentage change, as compared with normal; P = probability, calcu- 
lated by ‘t’ test; *=compared with group 5.) 


Mean blood pressure 

Groups n (mm, Hg+8.z.) % P 
1. Normal 12 11642-2 
2. Normal + ACTH 13 109+4-1 
3. Normal + narrowing 12 145+4-0 +25 <0-001 
4. Normal + narrowing + ACTH 7 144450 +24 <0-001 
5. H ysectomy 14 80 + 4-5 -31 <0-001 
6. +ACTH 7943-7 - 32 <0-001 
7. Hypophysectomy + narrowing 9 106+4°1 - 8 
8. Hypophysectomy + narrowing + ACTH 14 109+4-1 - 6 ail 


blood pressure was only 80 mm. Hg and on narrowing rose to 106. In neither 


of these groups had ACTH (or Eucortone) any significant influence on the 
blood pressure. | 

Whereas we have no proof as to whether the quantity of Eucortone given 
was effective or not, we have such proof in the case of ACTH. Fig. 2 shows 
that, in spite of the fact that ACTH has no effect in restoring cardiac hyper- 
trophy and blood pressure in hypophysectomized rats, it completely counter- 
acted the atrophy of the adrenals otherwise occurring after hypophysectomy. 
The normal adrenal weight of 39 mg. was increased to 44 mg. in the group 
treated with ACTH. There was a tendency for larger adrenals in the narrowed 
group, the adrenal weight being still further increased if ACTH was also given. 
The adrenals of hypophysectomized rats—whether their aortae were narrowed 
or not—weighed only 25 mg., and this atrophy was completely counteracted, 
i.e. the adrenal weight restored to normal by the ACTH treatment. 
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Adrenal weight 
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Fig. 2. The weight of the adrenals of different experimental groups. Doubly cross-hatched area : 
standard error of the mean. Cross-hatched area: standard deviation of the individual 
cases. 


Another proof of the general effectiveness of the ACTH was that it greatly 
decreased the mortality of some of these groups. The upper part of Fig. 3 
enables a comparison to be made of the total mortality occurring during the 
experimental period of 5 days in the ACTH treated and the untreated groups. 
The mortality of hypophysectomized +narrowed rats was very high, 75%, 
and there was a similarly great mortality in the control group where laparotomy 
was performed without narrowing. ACTH greatly reduced the mortality of 
these groups. The lower part of Fig. 3 shows the body-weight changes of these 
groups. ACTH not only failed to prevent the loss of weight of hypophy- 
sectomized rats, but even enhanced it. This corresponded with the general 
state of the animals, the ACTH-treated hypophysectomized rats being much 
livelier, and warmer, but very thin. It is interesting to recall earlier experiments 
(Beznék, 1952) in which hypophysectomized groups were treated with growth 
hormone and this treatment prevented the loss of body weight but had no 
influence on the mortality. 
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Mortality | 


_ Change in body weight 


Narrowing! Hypo- Hypo- Hypo- 
iPhysectomy 


Fig. 3. total mortality ‘anid kiss of body weight ti different experimentel groups 
with and without ACTH, White columns: untreated control groups, Black columns: ACTH 
in percentage. Lower ordinate: loss of body weight in g. 


DISCUSSION 


From the experiments described i in this paper the aiiiiaiie seems to be 
warranted that the low blood pressure, atrophy of the heart and the lack of 
cardiac hypertrophy (resulting from narrowing the aortae) of hypophysecto- 
mized rats are due to the absence of some pituitary hormone(s) which act 
directly on the cardiovascular system. The thyroids, which might mediate 
these effects, having been excluded previously, it seems now equally certain . 
that the atrophy of the adrenals after hypophysectomy cannot account for 
them. The conclusion is borne out by the following results. The hearts of 
adrenalectomized rats, whose aortae were narrowed, show a hypertrophy, 
whereas the hearts of hypophysectomized rats similarly treated show an 
atrophy. Though the cardiac hypertrophy of adrenalectomized rats is smaller 
than that of normal rats, its presence is significant, because with adrenalectomy — 
—although it may not be regarded as absolutely complete due to the possible 
presence of accessory adrenals—there is a sharp and great reduction of 
functioning adrenal tissue. After hypophysectomy, on the other hand, a 
gradual diminution of the adrenal weight (30-50% in 5 days) takes place. 
Though the absence of cardiac hypertrophy in hypophysectomized rats 
cannot be explained by the atrophy of the adrenals, it is still , that 
PH. OXVI. 
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intact adrenals are necessary for the full development and maintenance of 
cardiac hypertrophy. A further proof that the cardiovascular changes of 
hypophysectomized rats are not due simply to the atrophy of the adrenals 
is the fact that neither Eucortone, nor ACTH given to hypophysectomized 
rats, is able to restore them to normal. In this respect the results of the ACTH 
series are particularly significant, because though the adrenal atrophy was 
completely prevented, the blood pressure remained low, the heart atrophied 
and on narrowing the aorta there was no cardiac hypertrophy. 

As regards the blood pressure, there is a certain contradiction between 
some of the results here presented and those in the literature. As mentioned — 
above, several authors found that adrenocortical extracts and steroids restored — 
—at least partially—the low blood pressure of hypophysectomized rats. 
Though our experiments do not exclude the possibility that large doses of 
cortical steroids may have some effect on the blood pressure of hypophysecto- 
mized rats, itis proved that a dose of ACTH, which is able to prevent completely 
the atrophy of the adrenals, has no effect on restoring the blood pressure of 
hypophysectomized rats. From this the conclusion seems to be warranted 
that the large drop in blood pressure occurring after hypophysectomy is not 
a consequence of the secondary adrenal atrophy. Anderson e¢ al. (1944) 
obtained hypertension in rats by partial ligation of the left renal artery. 
Hypophysectomy caused a drop in the hypertension already established, but. 
the hypertension was re-established when the rats were subsequently treated — 
with adrenocorticotrophic hormone. Contrarywise, in our experiments, treat- 
ment with ACTH did not raise the blood pressure of hypophysectomized 
rats to the level of hypertension reached in normal rats on narrowing their 
aortae. Further experiments with ACTH may be able to clear up this 
discrepancy. 

In conclusion, in hypophysectomized rats the blood pressure is low, the heart 
atrophies, and does not hypertrophy on narrowing the aorta. These changes 
cannot be explained by the atrophy of thyroids and adrenals due to the lack 
of trophic hormones. Reimplantation of the anterior lobe of the pituitary, 
on the other hand, restored normal conditions (Hajdu & Bezn&k, 1943, 1945) 
and growth hormone (100 yg. daily) had a certain beneficial effect (Beznék, 
1952). The possibility that larger doses of growth hormone may be more 
effective cannot be excluded so far. A synergic action between physiological 
doses of ACTH (adrenocortical hormones) and growth hormone in restoring 
normal cardiovascular conditions in hypophysectomized rats is now under 
investigation. 
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SUMMARY 
1. On narrowing the aortae of adrenalectomized rats there is a cardiac 


, hypertrophy, whereas under similar conditions no cardiac hypertrophy occurs 


in hypophysectomized rats. 

2. The low blood pressure, atrophy of the heart and the absence of cardiac 
hypertrophy on narrowing the aortae in hypophysectomized rats are un- 
influenced by Eucortone (Allen and Hanbury) and ACTH (Armour Labora- 
tories) treatment. 

3. Though ACTH was ineffective in restoring normal cardiovascular 
conditions in hypophysectomized rats, it completely prevented the atrophy 
of the adrenals otherwise occurring and greatly reduced the mortality in 
the hypophysectomized + narrowed, and hypophysectomized +laparotomized — 
group. 

4. The conclusion is reached that the low blood pressure, atrophy of the 
heart and absence of cardiac hypertrophy in hypophysectomized rats are not 
secondary consequences of the atrophy of the thyroids and adrenals resulting 
from the lack of trophic hormones. 
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| DISTRIBUTION ALONG THE SMALL INTESTINE OF 
AFFERENT, VASOCONSTRICTOR AND INHIBITORY 
FIBRES IN THE MESENTERIC NERVE BUNDLES 


By C. B. B. DOWNMAN 
From the Sherrington School of Physiology, St Thomas’s 
Hospital, London, 1 
_ (Received 10 September 1951) 


_ In spite of failure to show pain sensibility of the small intestine at operation on 
man (Lennander, 1903), there is evidence that it is served by afferent nerve 
fibres. Activity of these fibres evokes widespread reflex actions, such as limb 


movements, blood-pressure changes and pupil dilatation in cats (Downman & 


McSwiney, 1946; Downman, McSwiney & Vass, 1948). The latter authors showed 
that a variety of stimuli—mechanical, chemical] and thermal—are effective when 
applied to the outer (serous) surface of the small intestine. By shielding the 
mesentery from the action of the stimulating agent it was shown that the 
intestine itself is sensitive, independent of its mesentery. Sjéstrand & von 
Euler (1946) reached a similar conclusion. Having evidence that afferent 
fibres course in the intestine it is reasonable to attempt to determine the 
territory innervated by each bundle of such fibres which is grouped around the 
mesenteric artery. Such an attempt is reported below. During the necessary 
testing it was noted that the distribution of the vasoconstrictor and the 
inhibitory fibres, forming parts of the same mesenteric nerve bundles, could 
also’be mapped. Nolf (1928) has produced evidence that the post-ganglionic 
sympathetic fibres, as they enter the wall of the intestine of the chicken, send 
long branches of some 4} cm. up and 8 cm. down the bowel, while preganglionic 
sympathetic and vagal fibres cover a length of more than 20 cm. of intestine. 
The findings in the present investigation do not conform with Nolf’s conception 
of the distribution of efferent fibres. 


METHODS 


Cats were anaesthetized with chloralose, 70-80 mg./kg. body weight, given intravenously during 
initial ether anaesthesia. They were left undisturbed until the pupil was slit-like. The belly was 
then opened by an incision in the flank, curving forwards and downwards from the kidney, or 
by a midline incision in the flinea alba. Exposed intestinal loops were kept warm and moist by 
surrounding them with pads of cotton-wool wrung out in warm saline, or by immersing the trunk 
of the animal in a bath of Locke solution at 38-39°C. A few tests were done on the intestines 
of decerebrated cats subjected to spinal cord transection between segments C8 and T 1; the 
details of this procedure have been reported by Downman & McSwiney (1946). A detailed map 
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of the loop of small intestine to be used was made by laying a sheet of thin celluloid over the 
spread-out loop and tracing on it in waterproof black ink an outline of the loop together with 
the course of the neurovascular bundles of the mesentery. Particular attention was paid to 
marking the position of the fine arteries, as they were used as landmarks throughout the tests. 
Changes in the size of the pupil of one eye were observed with a low-power microscope; blood 
pressure was recorded from the opposite common carotid artery by a mercury manometer writing 
on a smoked drum. 


RESULTS 
Distribution of afferent fibres. Pinching the small intestine cross-wise with 
rubber-tipped forceps evokes certain reflex reactions. In this work, pupil 
dilatation and changes of arterial pressure have been used as rane indices of 
the passage of afferent impulses into the spinal cord. 
The procedure adopted was as follows. A loop of intestine was withdrawn 
gently from the abdomen and a map made of it. Pinches were given at places 
A, B, C within the field of distribution of the nerve fibres of the main neuro- 


Fig. 1. Map of a loop of small intestine of a cat. The arrows indicate the sites of cocaine block 
of the primary mesenteric nerve bundles X, Y,, Y,. The length of intestine 1-1’ was subserved 
by afferent fibres in bundle X ; 3-3’ by vasoconstrictor fibres; 5-5’ by inhibitory fibres. The 
afferent fibres of bundles Y, and Y, extended to 2, 2’ on each side; the vasoconstrictor fibres 
to 4, 4’; the inhibitory fibres to 6, 6’. § is a secondary and 7’ a tertiary neurovascular bundle. 
Arrows indicate sites of cocaine blocks or ligatures (see text). 


vascular bundles X, Y,, Y, to check that the preparation was sensitive, i.e. 
gave definite pupil and pressor responses to gentle pinches (Fig. 1). Conduction 
within the nerves of bundle X was blocked by pressing gently on to it a small 


_ pledget of cotton-wool soaked in 5% cocaine hydrochloride solution. Within 


2 min. pinches at B elicited no reflex responses, while pinches at A and C' were 
still effective. The insensitive region was demarcated by pinching along the gut 


_ until the adjacent sensitive regions were entered at points 2, 2’. The pledget 


of wool was removed and the place washed well with warm saline. Within about 
3 min. sensitivity had recovered all along the loop. Then the adjacent bundles 
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were blocked in the same way at Y, and Y,. The insensitive regions opposite 
Y, and Y, were now demarcated by pinching along from 4 and C till the edge of 


the adjoining sensitive regions was found at points 1, 1’. On washing places 


Y, and Y, sensitivity returned all along the loop. 

By these means it was found that the territory of afferent innervation of the 
mesenteric nerve bundle extended along the intestine by a length which can be 
conveniently defined as the span between the centres of adjacent arterial 
arcades. The overlap of the fields of neighbouring bundles ranged from none 
up to a distance representing about 20% of the length of each field; for 
example, where the length of a field was 6? cm., its neighbours encroached on 
_ it by $m. on one side, and by 1} cm. on the other side. 

It might be objected that the loss of sensitivity of the intestine was not due 
wholly to the local action on nerve conduction. Diffusion of cocaine into the 
artery might have carried it into the field of blood supply of that artery, 
causing a loss of sensitivity by a local action within the intestine itself. If 
a neurovascular bundle was tied with a ligature, thereby blocking the nerves 
by crushing them, the area of sensitivity was the same as that produced 
previously by cocaine block of the nerves lying alongside a patent artery. It is 

concluded that the cocaine acted locally on the afferent pathways. 
_ Vasomotor fibre territories. To map these it was found best to hold the loop 
of intestine between two thin parallel plates of Perspex. The tissue was fixed 
by pins passing through holes in the plates and through the bowel itself. 
A U-shaped recess in the plates allowed of access to the mesenteric bundles. 
 Faradic stimulation of the bundle at X caused blanching of a length of 
intestine opposite X. At the same time there was a widespread reflex blanching 
of the rest of the loop and of adjacent loops. This reduced the contrast between 
the areas under examination. It could be avoided by first blocking the bundle 
at X with cocaine as described above, and then faradizing distal to the block. 
_ The blanched field of the stimulated vasoconstrictor fibres stood out in contrast 
to the good pink colour of the adjacent regions. The adjacent bundles were 
then blocked at Y, and Y, as described above, and each bundle faradized 
distal to its block in turn. The blanched area, as each was stimulated, was 
observed. In this way one could demarcate the vasomotor territory of each 
nerve bundle and the overlap between the territories of action of adjacent nerves. 

It might be objected that the faradic current caused an intense local spasm 
of the artery around which the nerve bundle lay. This might have cut down 
arterial blood flow to produce pallor by passive collapse of intestinal vessels 
rather than by active vasoconstriction. The objection was met by ligating 
a neurovascular bundle. This blocked the nerve by crushing and stopped the 
arterial blood flow. The artery beyond the ligature remained wide and pulsatile 
and the intestine maintained a good pink colour. Faradic stimulation just 
distal to the ligature caused blanching in the same area as when stimulating 
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without ligating, although local spasm of the vessel could no > longer influence 
intestinal blood flow. 

Summarizing the results, the vasoconstrictor fields corresponded roughly, 
but not exactly, to the afferent fibre territory described above. The edges of 
the fields could be defined most conveniently as extending approximately 
between the centres of the arterial arcades. Overlap between neighbouring 
fields varied from none up to about 20% of the length of the field overlapped. 

Inhibitory fibre fields. During blocking of the nerve by cocaine or by ligatures, 
as described above, it was noted that the segment of bowel beyond the crush 
became active. The usual quiescence was replaced by contraction rings. The 
activity was observed within a length of intestine coinciding roughly with the 
region of distribution of the afferent and the vasoconstrictor fibres; it was 
thought to represent a release from an inhibition imposed by the spinal cord. 
Where the nerve block was produced by cocaine there was no reduction of blood 
flow to account for the activity. 

The inhibitory action of mesenteric nerves could also be demonstrated by 
stimulation. To do this at least three adjacent mesenteric neurovascular bundles 
at X, Y,, Y, were ligated (Fig. 1). This severely restricted the blood flow in 
a long length of intestine. Activity progressively increased in the length until 
the vigorous movements here contrasted with the inactivity of adjacent regions. 
Faradic stimulation of the mesenteric bundle just distal to the ligature at X 
produced inhibition of movement in the length of intestine opposite to this 
bundle. This inactive length contrasted with the continued vigorous activity 
in the immediately adjoining region. The length of inhibited intestine corre- 
sponded roughly with the distance between the centre of the arterial arcades. 
By stimulating the adjacent bundles at Y,, Y, it was shown that there was 
some overlap between the regions of inhibition corresponding to the mesenteric 
nerve bundle X and of its neighbouring bundles Y, and Y,, on each side. This 
did not exceed 20 %, of the total length of the segment overlapped. 

Comparison of the innervation territories. The segment of intestine supplied 
by fibres from one primary mesenteric nerve bundle was approximately co- 
extensive for afferent, vasoconstrictor and inhibitory fibres. In terms of 
a convenient surface marking, the segment extended between the centres of 
adjacent arterial arcades. The different fields were not exactly co-terminous. 
Vasoconstrictor, inhibitory and afferent territories generally had different 
boundaries. No regularity was noted when comparing the furthest extensions 
of each type of action; for example, inhibitory fibres might extend further at 
one edge of the segment, but be overreached by vasoconstrictor or afferent 
fibres at the other edge. There was as much unpredictability in adjacent 
mesenteric fields. The maximum difference in extension between the types of 
fibres was not more than 1} cm. in the series at any one edge of a field totalling 
usually about 7 cm. in length of small intestine. 


id i 
? 
2 
“a 
4 
q 
4 
by 


232 B. B. DOWNMAN 

Adjacent fields of innervation by primary mesenteric bundles overlapped by 
' up to 20% of the length of each field. In some instances there was no overlap, 
but never more than 20%, in this series. The overlap was generally unequal at 
the two sides of the field. These relations are summarized in Fig. 2. The 
territories mapped would be the minimum for each nerve bundle. It might 
be questioned whether a few fibres might not have extended further along the 
intestine but have been of insufficient number to provoke a discernible response. 
Evidence against this can be given for the vasoconstrictor fibres. Faradic 
stimulation just distal to the cocaine block on the mesenteric nerve at X 
(see Fig. 1) caused marked blanching of the intestine up to a fairly sharp edge. 


fy 


Fig. 2. Diagrams of a loop of small intestine showing extent of afferent, vasoconstrictor and 
inhibitory fibre territories of the mesenteric nerve fibres in the neurovascular bundles 1, 2, 3. 
Continuous line across intestine indicates edge of territory innervated by bundle 2. Broken 
lines indicate edges of territories innervated from bundles 1 and 3 on either side. Dotted 
areas represent regions of overlap of territories. The limits of the fields of each functional type 
of fibre are not usually exactly co-extensive, but for each type the extent and overlap of 
territory is of the order indicated. Inset. Shows in the same way the region innervated by 
the secondary bundle S, continuous lines indicating approximate limits of spread of fibres 


from 9, broken lines indicating edges of territories of neighbouring bundles, the areas of overlap 


being dotted. 


The stimulation was discontinued and the intestine regained its colour. Now 
the adjacent bundle at Y, was faradized with a weak enough current to produce 
a just discernible paling of the segment to which it supplies constrictor fibres. 
Simultaneous maximal stimulation of the bundle at X again caused marked 
blanching of the first segment up to the same edge as before. If some fibres of 
bundle X spread further along the intestine one would have expected some shift 


of the boundary under these conditions since summation of vasoconstrictor | 


actions was possible. 
Fields of action of sub-divisions of mesenteric bundles. Secondary bundles, 
as at S in the diagram (Fig. 1) could be treated in the same way as the primary 
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bundle. The field of action extended approximately to the centres of the 
neighbouring arterial arcades (Fig. 2, inset). Estimates of overlap were now 
less accurate, since the.error of the estimate was now a greater fraction of the 
total length of the segments. The estimated overlap varied, however, from 
none up to about 40% of the overlapped segment. The error of the estimates 
prevented useful mapping of the territories of the tertiary or smaller bundles 
(e.g. in Fig. 1). 


DISCUSSION 


The experiments described above give information of the distribution along the 
length of the intestine of three functional types of mesenteric nerve fibres, 
namely, the reflexogenic afferent, and the vasoconstrictor and inhibitory efferent 
fibres. The primary mesenteric nerve bundles, which accompany the large — 
primary branches of the mesenteric artery, innervate a length of the small 
intestine. The limits of their territory correspond roughly to the centres of the 
arterial arcades (Fig. 2). This.surface marking is convenient but not exact. 
The territories of neighbouring nerve bundles overlap to a varying extent, from 
none to about 14cm. Measured on the living intact bowel the length of an 
innervation territory was usually about 6-7 cm., and the region of overlap by 
a neighbour bundle was not more than 20% of this length. The relation between 
the arterial arcades and the innervation territory suggests that the nerves are 
distributed along the arteries, enter the bowel with them, and do not run far 
up and down the intestine after entry. Taking the primary mesenteric nerve 
bundle as centre, the region of innervation generally extended as far rostrally 
as it extended caudally. Considering fibres of different functions, each type 
innervated a certain territory of intestine and the edges of the different 
territories were not always co-terminous. No field of one type, e.g. vaso- 
constrictor, was consistently of a size different from that of another type, 
e.g. inhibitory. At the same time the overlap between territories subserved by 
the same functional type of fibre in neighbouring primary bundles was variable 
and unpredictable. Vasoconstrictor territories might overlap whereas inhibitory 
fibre territories might show practically no overlap, or vice versa. These facts 
suggest that each function is subserved by anatomically separate fibres 
branching independently of each other. __ 

Nolf (1928) stimulated the extrinsic nerves as they entered a piece of isolated 
chicken intestine suspended in a warm oxygenated physiological saline solution. 
Effects on motility were recorded by balloons spaced along the bowel lumen. 
He found that the effects of the mesenteric nerve stimulation spread along the 
intestine, e.g. inhibition of motility occurred 44 cm. above and 8 cm. below 
the site of nerve entry. The effects seem to have spread consistently further 
down than up the bowel. In the present cat experiments the effects of nerve 
stimulation did not spread so far along the bowel, and the spread was generally 
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about an equal distance up and down the bowel. It must be remembered that 
it may not be justifiable to compare directly the lengths of affected bowel in 
the two series, because they were measured with the pieces of intestine under 
different conditions. Nolf does not relate the limits of the nerve territory to any 
anatomical feature on the bowel. The differences between the extensions of 


the fibres up and down the bowel may represent a real difference between the 


avian and mammalian intestine. : 

Nolf assumed that the extension of the actions of the nerves up and down the 
intestine depends on the branching of individual fibres where they enter the 
bowel. The rostral branch is supposed to be short.while the caudal branch is 
long. The T-branching of the dorsal root fibres within the spinal cord and of 
preganglionic fibres in the sympathetic chain were quoted as comparable 
examples. My own experiments do not support this view. As stated above, 
there is no evidence in the cat for the unequal extension of fibres up and down 
the bowel. Furthermore, the functional unit formed at the end of a fibre by its 
branching in the intestine is certainly smaller than the unit postulated by Nolf. 
Tests on secondary mesenteric nerve bundles show that the territory innervated 
by them may be not more than 2 cm. in length. The ramifications of individual 
fibres cannot be larger than this and may well be smaller. Again, if the fibres 
of a mesenteric bundle reach as far along the cat intestine as they are supposed 

to do in the chicken, one would expect a greater overlap of neighbouring nerve 
territories than is found. For secondary mesenteric bundles the overlap should 
be complete, with no central region into which fibres of neighbour bundles 
do not extend. If, however, Nolf’s picture is modified to place the branching 
of the fibre more distally, there is no contradiction between the findings. It may 
be supposed that the fibre runs some distance along the bowel, either caudal or 
rostral, before branching. The branches then supply a limited segment of bowel. 
Since it was not practicable to test the distribution of the nerve bundles 
accompanying the smaller arteries close to the intestine no accurate estimate of 
the size of the unit could be obtained. 

Any place along the bowel is connected with many roots of the spinal cord, 
at least so far as the afferent fibres are concerned (McSwiney & Suffolk, 1938). 
The findings in this series of experiments imply that the multiple innervation 
of a certain region of intestine is contained within the mesenteric nerve bundle 
supplying that region. The other possibility, that fibres originating in different 
dorsal roots might run long distances within the intestinal wall to provide the 
region with fibres from many different roots, is ruled out by the limited 
overlap of mesenteric nerve territories. Presumably the necessary extensive 
branching and distribution of afferent fibres takes place in the plexuses and 
nerve bundles connecting the intestine to the spinal cord. 
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SUMMARY 


1, Vasoconstrictor, inhibitory and afferent fibre territories have been 
mapped in the small intestine of anaesthetized cats. 7 
2. The length of intestine innervated by the constituents of the mesenteric 
nerve bundles is indicated roughly by the distance between the centres of 

adjacent arterial arcades. 

3. The territories of adjacent primary mesenteric nerve bundles overlap 
by up to 20% of the length of each territory. Territories of fibres of different 
function are not always co-terminous, and overlap by varying amounts. 

4. It is suggested that mesenteric nerve fibres run along the arteries up or 
down the intestine before branching to innervate a short length of intestine, 
of not more than 2 cm., and perhaps less. 
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_ EFFECT OF ADRENOCORTICOTROPHIC HORMONE 
(ACTH) AND CORTISONE ON PREGNANCY 


By J. M. ROBSON anp A. A, SHARAF 
From the Department of Pharmacology, Guy’s Hospital Medical School 
| (Received 10 September 1951) 


In view of the similarity between the cells of the corpus luteum and of the 
adrenal cortex it seemed possible that ACTH might produce an effect on the 
corpus luteum and preliminary experiments were performed to investigate 
this question. Pseudo-pregnant and pregnant rabbits were hypophysectomized 
and then injected at 6 hr. intervals with ACTH. In the pseudo-pregnant 
animals (which received the equivalent of 2 mg. of standard per day) the 
corpora lutea were not maintained and degenerated as rapidly as in untreated 
animals, Untreated pregnant rabbits abort within 24-48 hr. of hypophy- 
sectomy. In the animals treated with ACTH (equivalent of 5 mg. of standard 
per day) the pregnancy was not maintained; on the contrary, rapid death of 
the foetuses occurred with acute haemorrhagic reabsorption of the uterine 
contents. These results suggested that ACTH produced a deleterious effect on 
pregnancy and led to the present investigation. 


METHODS 

Several preparations of ACTH were used, namely: 71 (50)R, assaying at 20% of the Armour 
standard (LA-1-A); 74AX assaying at 50% of the standard; J 19807 and J 24410, assaying at 550% 
of the standard; and a Merck preparation with a very low content of posterior pituitary hormone 
assaying at 90% of the standard. The ACTH was administered either by subcutaneous injection 
or by implantation. When given by injection it was dissolved in saline, the pH adjusted to about 
3-0 with 0-5m-HCl, and put up in ampoules which were stored in the coldest part of the refrigerator, 
the contents being frozen solid. Enough material was made up for 2-3 days’ treatment so that the 
period of storage was kept to a minimum and any particular ampoule was not thawed and refrozen 
more than once. In all cases the animals were injected every 6 hr. For implantation the ACTH 
was mixed with magnesium monostearate and made into a solid implant by compression according 
to the method described by Didcock, Robson & Sharaf (1951). The appropriate amount was then 
inserted subcutaneously through a small incision under procaine anaesthesia. 

Cortisone acetate was available as a microcrystalline suspension containing 25 mg./ml.; when 
necessary this was diluted with sterile saline. 


The experiments were performed on mature rabbits and mice, of no particular breed. In the . 


rabbits pregnancy was dated from the time of the observed mating; in the mice it was dated from 
he finding of the vaginal plug. In both species laparotomies were always performed before the 
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beginning of the experiment in order to be sure that a normal pregnancy was present. Sub- 

sequently the animals were carefully palpated and weighed daily in order to follow the course of 

the pregnancy. In some experiments a second laparotomy was performed a few days after the 

beginning of treatment; at the end of all éxperiments the animals were killed and certain tissues 
examination. — 


taken for histological ee 
Ovariectomy was performed by the dorsal route and hypophysectomy by the orbital route 
| RESULTS | 
Effect of ACTH on pregnant rabbits 


- The results are shown in Table 1. It will be seen that pregnancy was 
interrupted in nine out of eleven animals. In the majority of cases a highly 
suggestive loss of weight occurred within 48 hr. of the beginning of treatment; 

| TaBxz 1. The effects of ACTH on pregnancy in the rabbit eis 


Duration 
| ingot Activity of Daily dose of treat- 
it ACTH treat- No, of 7 mg. of Method of ment 
no. _ment(days) preparation (% of standard) standard) administration (days) Effects 
oe 14 71(50) R 20 2 6 hr. Regions 7 Early reabsorption 
448 14 71(60)R 20 2 6 7‘ Normal pregnancy 
subcut. 
469 ae) T4AX 50 5 6 —-* 2 Abortion 
subcut. 
410 12. 319807 550 5 6 injection 5 Early reabsorption 
subcut. 
411 319807 550 5 ofr. 5 Normal pregnancy 
af.) 14 524410 550 5 ofr, injections 4 Uterus empty after 
490 14 324410 550 5 4 tly normal 
4 subcut.) on 20th 
on 
478 T4Ax 50 Implantation empty after 
479 12 50 40 Implantation empty after 
487 14 324410 550 40 Implantation empty after 
488 550 Implantation — of 6 
| foetuses and 4 
> alive after 


the findings at the end of the experiments also showed that interruption must 
have occurred very soon after administration of ACTH was started. — 

The likeliest explanation of these results is that they were truly due to the 
ACTH present in the preparations used. It seemed possible, however, that 
¢ they were due to other substances contaminating the preparation, and this 
| question was next investigated. | 

It is known that preparations of ACTH contain a certain amount of the 
active principles of the posterior lobe, and these might have an effect on 
pregnancy. They have indeed been blamed for some of the toxic effects 
observed when ACTH is used clinically. To exclude this possibility the 
amount of such contamination was determined in one of the preparations 
: used (74 AX), By tests on the guinea-pig and rat uterus in vitro, it was found 
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to contain 0-002 unit/mg. or less of oxytocic activity, i.e. 0-02 unit in the dose 
(10 mg. equivalent to 5 units) given per day. This amount is small and seemed 
insufficient to produce any effect on pregnancy. Nevertheless, further control 
experiments were performed. Five rabbits, 14 days pregnant, were injected 
with 0-05 unit of posterior lobe extract per day for 6 days. This dose is at 
least 2-5 times as large as the amount contained in the preparation (74 AX) 
tested. The dose was, as in the experiment with ACTH, given in four 6 hr. 
injections of 0-0125 unit. In none of these experiments was there any effect 
on the pregnancy. 

A farther control experiment on the possible effect of the posterior pituitary 
contamination did not give such a clear-cut result. We were fortunate in 
obtaining from Dr C. A. Winter, of the Merck Institute for Therapeutic 
Research, a preparation of ACTH containing very little posterior pituitary 
hormone. On assay on the guinea-pig uterus, it was found to contain not 
more than 0-0004 unit/mg. This preparation was injected in the usual way 
and doses in three rabbits, and implanted in one animal. As this preparation 
assayed at 90% of the standard and 5 mg. equivalent of standard was given 


to each of the injected animals per day, this means that each of these rabbits _ 
received daily about 0-002 unit of posterior pituitary hormone. In one of the | 


_ injected and in the implanted animal there was no effect. on the pregnancy. 
In the other two injected animals (injections started on the 14th day) a 
laparotomy was performed on the 32nd day of pregnancy: in one of these 
there were two normal and five reabsorbing foetuses; in the other there were 
seven reabsorbing and one normal foetus. Hence this preparation of ACTH 
did not produce the acute interruption of pregnancy observed with the other 
preparations, but it nevertheless did lead to death of the majority of the 
foetuses in two of the four animals tested. 


Effect of ACTH on pregnant ovariectomized rabbits. Another possibility was — 


that the effect of ACTH was due to contamination with gonadotrophic hormone 


which, it is well known, can interrupt pregnancy in rabbits. The ovaries in all — 
experiments in the normal pregnant rabbits described above were carefully 


examined for signs of a gonadotrophic action but none was found. Neverthe- 

less, there was a possibility that ACTH produced such an effect resulting in 

an increased oestrogenic secretion but not in any obvious morphological 
changes. 

In order to exclude the possibility that the action of ACTH was due to an 
effect on the ovaries, experiments were performed on pregnant ovariectomized 
animals in which pregnancy was maintained with progesterone. Injection of 
progesterone was started on the day before ovariectomy and the animals 
received 3 mg. of progesterone in oil (in two doses, morning and evening, 
subcutaneously) on this and the subsequent days of the experiment. The 
treatment with ACTH was started on the day after ovariectomy. The results 
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are shown in Table 2; in all five animals used in the experiment ACTH 
apes interruption of pregnancy. Previous investigations have shown that 

3 mg. of progesterone per day is ample to maintain pregnancy in ovariecto- 
mized rabbits at this stage of pregnancy (Courrier & Kehl, 1938), and this was 
confirmed in three control animals, two of which received an implant of 
magnesium monostearate (i.e. the excipient used to make up the ACTH 
implants). 


2. The effects of ACTH on ovariectomized rabbits 
the injection progesterone was given onthe day before ovary) 
: the} 
regnancy Duration 
of Activity of Daily dose of treat- 
it A treat- No. of (me. of Method of ment 
no. ment (days) preparation ( standard) administration (days) Effects 
472 15 74AX 50 5 6 hr. injections 5 Advanced reabsorp- 
(eubout.) tion after 4 days 
e473 15 T4AX 50 5 6 hr. injections 5 Animal died after 
(subcut.) 2 days acute 
12 50 © _ 
tion after 6 days 
5 43 14 524410 550 40 Implantation — Advanced 
: tion after 6 days 
15 524410 550 40 Implantation Ad 
tion after 5 days 
TaBizE 3, The effect of ACTH in pregnant mice 
Duration of 
Activity of Daily dose 
‘Mouse ACTH treat- No. of W ge mores (mg. of Method of ment 
no. ment (days) preparation ( standard) slanting’) administration (days) Effects 
12 ll T4AX 50 0-6 6 hr. injections | 5 Fess before 6th 
13 11 T4AX 50 0-6 6 hr. injections 5 Abortion before, 6th 
14 ll T4AX 50 0-6 6 hr. injections 5 Abortion and re- 
15 ll 144X 50 50 Implantation _ Advanced real 
tion after 5 days 
» 16 ll T4AX 50 50 Implantation — Advanced rea 
tion after 5 days 
8 519807 550 5-1 Implantation before 5th 
y 
11 550 5-1 tation Ad 
tion after 6 days 
10 ll J 19807 550 5-1 Implantation No 
ll 1] J 19807 550 5-1 Implan rption 
7 days 
| Effect of ACTH on pregnant mice 


The results are given in Table 3 and show that there was interruption of 
pregnancy in eight out of nine animals. Again a consideration of the weights 
and of the state of the uterine contents at the end of the experiment strongly 
suggested that there was some effect on the gestation within 48 hr. of the 
beginning of the treatment. 

None of the animals showed any gonadotrophin effect on the ovaries, which 
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were carefully examined at the end-of the experiment. In four of the mice 
(nos. 12-15) vaginal smears were taken at the end of the experiment and they 
were all dioestrous in type. _ 


| Effect of cortisone on pregnancy | 
It seemed likely that the ACTH produced its effect by stimulating the 
adrenal cortex to increased secretion of steroids, particularly of cortisone, and 
the effect of cortisone on pregnancy was therefore investigated. 


Experiments on rabbits 


The results in rabbits are shown in Table 4. The first two enbbite (nos. 481 
and 482) received 10 mg. per day in two doses, morning and evening, sub- 
cutaneously, and there was no effect on the pregnancy. The dose was then — 


TaBLz 4. The effect of cortisone on pregnant rabbits 


Duration of - 
acy at 
of ACTH Daily Duration of 
Rabbit treatment dose treatment Method of 
no. (days) (mg.) (days) administration Effects 
13 40 6 Subcutaneous Normal 
482 13 10 6 Subcutaneous Normal 
522 13 20 6 Intramuscular § Advanced reabsorption 
525 14 20 «. 5 Intramuscular § Reabsorption 
526 14 20 5 Intramuscular Rea 
14 20 6 Intramuscular Reabsorption 
14 20 6 Intramuscular § Reabsorption 


increased to 20mg. and given rather differently to increase the rate of 


absorption of the cortisone. Hach dose of 10 mg. was given in two separate — 


Injections of 5 mg. in two different intramuscular sites. In all three animals 
so treated there was a rapid interruption of pregnancy. 

In order to exclude the possibility that the effect of cortisone was exerted 
on the ovaries or on the pituitary, experiments were performed on ovariecto- 
mized and on hypophysectomized animals in which pregnancy was maintained 
by the administration of 3-0 gm. of progesterone per day. It has previously 
been shown that this dose of progesterone is ample to maintain pregnancy in 
hypophysectomized rabbits (Robson, 1936, 1937). 

The results on ovariectomized animals are included in Table 4. In both 
animals (nos. 545, 546) the first dose of progesterone was given on the day 
before ovariectomy and the treatment with cortisone (20 mg. per day) was 
started on the day of ovariectomy. Six days later laparotomy showed advanced 
‘reabsorption in no. 545; animal no. 546 died on ne +h aby: and there was 

acute reabsorption of the uterine contents. : 
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Two rabbits (nos. 556, 559) were given 3 mg. of progesterone on the 
13th day of pregnancy and this dose was continued daily until the end of the 
experiment. On the 14th day they were hypophysectomized; on the next day 
the administration of cortisone (20 mg. per day) was started and continued 
for 5 days in one animal (no. 556), and for 6 days in the other (no. 559). At 
this stage there was advanced reabsorption of the uterine contents in animal 
no. 556; in the uterus of rabbit no. 559 there were six foetuses in an advanced 
stage of reabsorption and two foetuses in an early stage of reabsorption. The 
two animals were then killed and the hypophysectomy was found to be 
complete. Pregnancy was not interrupted in two control rabbits hypo- 
physectomized at the same stage of pregnancy and treated daily with 3 ~ 
of progesterone for 5 and 6 days respectively. 


Experiments on mice 


The results of these experiments are shown in Table 5. Each animal received 
1 mg. of cortisone acetate subcutaneously morning and evening for 5 con- 


TaBie 5. Showing the effect of cortisone on pregnant mice 


Duration of 
pregnancy at 
the 
of A ~— Duration of 
-Mouse treatment treatment 
no. (days) eg (days) Effects 
1 2-0 5 Advanced reabsorption 
0 5 Normal pregnancy on 
‘ 6th day 
5 ] 5 vanced rea i 
6* ll 2-0 5 Reabsorption 
ll 2-0 5 Reabsorption 


*Animals ovariectomized and treated with 2 mg. progesterone per day. 


secutive days. In four out of five mice there was reabsorption (advanced in 
two cases) on the 6th day after the first injection; in the fifth mouse the 
pregnancy appeared to be normal. 

Two mice were ovariectomized and pregnancy was maintained by the daily 
administration of 2 mg. of progesterone. This is ample to maintain gestation 
in ovariectomized mice (Robson, 1938). The first doses of progesterone were 
given on the day before ovariectomy and treatment with cortisone (2 mg. 
per day) was started on the day of ovariectomy. Six days later there was 
reabsorption of the uterine contents in both animals. 
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DISCUSSION 


It is clear that both ACTH and cortisone can interrupt pregnancy in rabbits 
and in mice, The results also strongly suggest that ACTH produces its effects 
indirectly by stimulating the adrenal cortex to increased secretion of cortisone 
and possibly of other steroids. This conclusion is based on indirect evidence 
which shows: (1) that the effect is not due to other biologically active substances 
which may be present in preparations of ACTH; and (2) that cortisone, which 


is known to be produced in increased quantities following administration of _ 


ACTH, does in fact interrupt pregnancy. No experiments have so far been 
performed to show that ACTH does not interrupt pregnancy in adrenalecto- 
mized animals. 

The possible effects of substances present as contaminants in ACTH 
preparations require further discussion. It is quite clear from the control 
experiments with posterior pituitary extract that the effects of ACTH are not 
due to contamination with posterior pituitary hormones. The results with the 
ACTH preparations with a low posterior pituitary hormone content, however, 
strongly suggest that this preparation is less active than the other ones used, 
though it did have some effect on pregnancy in two of the four animals in 
which it was used. Evidence is accumulating that results obtained by the 
ascorbic acid depletion method, with which these preparations are standardized, 
do not necessarily give a true indication of the activity of a particular prepara- 
tion in stimulating the steroid secretion of the adrenal cortex. It is possible 
that such a discrepancy may explain the relative ineffectiveness of the 
preparation with a low posterior pituitary hormone content used in these 
experiments. 

It can also be said with confidence that the effects of ACTH on pregnancy 
are not due to contamination with gonadotrophin. In the first place the ovaries 
of treated animals showed no evidence of stimulation, e.g. unusually large 
or haemorrhagic follicles. This does not exclude the possibility that there 
was a stimulation of the secretory activity of the ovaries leading to the 
production of an excessive amount of oestrogen, which might then interrupt 
the pregnancy. The experiments on the ovariectomized rabbits in which 
pregnancy was maintained with progesterone definitely show, however, that 
ACTH can exert its effect independently of any action on the ovaries. 

Little can be said at present about the mechanism by which cortisone 
produces its effect on pregnancy. Since the effect is observed both in ovariecto- 
mized and in hypophysectomized animals, in which the pregnancy is main- 
tained by the administration of progesterone, it is highly probable that 
cortisone does not interrupt gestation by interfering with the ovaries or 
pituitary secretion. The likeliest explanation is that there is a direct action 
on the uterus and its contents, and this is now being investigated. 
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SUMMARY 


1. ACTH preparations, given at 6 hr. intervals or by implantation, can 
interrupt pregnancy in rabbits and in mice; this effect is also seen in ovariecto- 
mized rabbits and hence is not due to gonadotrophin contaminating the ACTH. 
2. Cortisone can interrupt pregnancy in rabbits and in mice, in ovariecto- 
mized and hypophysectomized rabbits treated with progesterone to maintain 
the pregnancy, and in ovariectomized mice treated with progesterone to 

maintain the pregnancy. 

We should like to thank Dr I. Bunding of the Armour Laboratories and Dr C. A. Winter of the 
Merck Institute of Therapeutic Research for supplies of ACTH, and the Medical Research Council 
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QUANTITATIVE EXPERIMENTS ON THE MODE OF 
OESTROGEN-PROGESTERONE ANTAGONISM IN 
THE RABBIT ENDOMETRIUM 


By C. HEATH, E. 0. HOHN anp J. M. ROBSON 


From the Department of Physiology and Pharmacology, University of Alberta, 
_ Edmonton, Canada, and the Department of Pharmacology, Guy's Hospital 
Medical School, London 
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Most of the biological effects of progesterone can be inhibited by the con- 
current administration of oestrogens, provided that a certain quantitative 
ratio of oestrogen relative to progesterone obtains, or is exceeded. Previous 
work on the subject by various authors (reviewed by Courrier, 1950) was 
carried out using systemic administration of both progesterone and oestrogen. 
These experiments therefore do not indicate the site of the inhibitory action 
of oestrogens. Though it would appear most probable that oestrogens, by 
direct action on a target organ, prevent it from responding normally to pro- 
gesterone, other modes of antagonism can be suggested to explain the pheno- 
menon of inhibition“of the progestational response. The target organ may, for 
example, fail to show a progestational response because (a) oestrogens some- 
how ‘neutralize’ progesterone in the blood (or some other tissue fluid) leaving 
an inactive metabolite, or (b) under oestrogenic influence some other organ 
may inactivate progesterone. No doubt other theoretical explanations can be 
suggested. Some recent experiments by Robson (1950) suggest that, in the 
inhibition of the oestrogenic response of the mouse vagina by progesterone, the 
hormonal antagonism does not take place in the target organ. The most probable 
explanation of such hormonal antagonism, namely antagonism in the target 
organ, should therefore not be assumed until experimental data bearing on the 
mode of antagonism of two specific hormones, in the case of a specific target 
organ, are obtained. 

For inhibition of the progestational response of the rabbit endometrium by 
oestrogens a certain amount of such information is available. Courrier & 
Poumeau-Delille (1943) report a few experiments in oestrogen-primed ovari- 
ectomized rabbits given systemic progesterone and intra-uterine —" 
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(into ligated segments) of oestradiol benzoate in oil. Suppression of the pro- 
gestational response to 2 mg. of progesterone was found only in the uterine 
segment injected with the oestrogen (20ug. oestradiol benzoate), indicating 
that the oestrogen inhibited the effect of progesterone in the endometrium. 

In view of the slight amount of experimental evidence bearing on the site of 
oestrogen—progesterone antagonism, ‘it seemed desirable to investigate the 
phenomenon with a technique in which direct local hormonal effects were 
obtained by intra-uterine implants. The results establish conclusively that 
antagonism takes place in the target organ (endometrium) when oestrone and 
progesterone are administered in the following ways: (1) local oestrone and 
systemic progesterone; (2) local oestrone and local progesterone; (3) systemic 
oestrone and local progesterone. 

The quantitative aspects of the phenomenon of inhibition were studied by 
_ a series of experiments for each set of conditions of administration (1-3 above). 
To evaluate the data quantitatively it was necessary to determine the effective 
dose of systemic and local oestrone for the rabbit endometrium. Corresponding 
information for progesterone was already available, from a previous study on 
the same target organ (Héhn & Robson, 1950). The experiments on minimal 
local and systemic oestrone dose are presented first, since they are a pre- 
requisite for the evaluation of the quantitative aspects of the antagonism data. 
The experiments outlined above are presented in Part I of this paper. In 
Part II, experiments demonstrating the mode of antagonism in the rabbit 
endometrium between progesterone and two steroids which are ee 
in the mouse (Emmens, 1941, 1942) are described. 


PART 1. OESTROGEN-PROGESTERONE ANTAGONISM 


_ RESULTS 
Minimal effective doses of systemic and intra-uterine oestrogens 


When using oestrone locally, in the form of solid intra-uterine implants of 
oestrone in cholesterol, it was expected that the minimal local dose would be 
much less than the systemic dose, as has indeed been shown for the action of 
progesterone on the rabbit endometrium, when similar implants are used 
(Hohn & Robson, 1950). It was therefore expected that suppression of pro- 
gestational responses by intra-uterine oestrone would occur with much smaller 
doses than when oestrone was given systemically. Preliminary experiments on 
antagonism soon indicated that this was not so. Similar doses of oestrone were 
required, whether given locally or systemically, to achieve a certain inhibitory 
effect. This suggested that in the case of oestrone (contrary to the findings 
with progesterone) the minimal systemic and intra-uterine doses were not 


very different. Experiments to determine these doses were therefore carried 
out. 
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Systemic oestrone 

Mature, non-pregnant rabbits were ovariectomized and left for 4 weeks to allow considerable 
uterine atrophy to take place. A segment of uterus to serve as a control was then removed. 
Oestrone (1 yg./ml. in olive oil) was then injected subcutaneously twice daily for 4 days, in the 
amounts required to give the total dose indicated in Table 1. The animals were then killed and 
_ another segment of uterus was removed. Sections from both segments were stained with 
haematoxylin and eosin. 


Attention was confined to changes produced by the oestrogen in the histo- 
logical appearance of the endometrium. These do not appear to have been 
studied previously in any detail. Three endometrial effects were found on 
comparison with control segments of the atrophic endometrium. (1) An 
increase in size and number of blood vessels. (2) A considerable increase in the 
thickness of the endometrium associated with a greater separation of the 
stromal nuclei from one another. This is presumably due to oedema of the 
endometrial stroma. (3) An increase in gland development in the most super- 
ficial layer as well as the appearance of glands in the deeper layers, where 


TaBLE 1. Effective dose of systemic oestrone on the endometrium 


of fifteen ovariectomized rabbits 
Total dose (ug.) 10 48 4 3 2-4 2 1 
++ + + ++ ++ + ++ 
++ ++ - +4 + - 
++ 


they are entirely absent in the atrophic endometrium. In the Tables 1-3 
oestrogenic effects are indicated as + for a minimal, and + or + + for more 
marked effects. As indicated in Table 1, the minimal effective dose of systemic 
oestrone is about 2 wg. 

The difference between the effects from doses of 2 and 1 yg. was quite clear- 
cut, so much so that this endometrial response could be used for the bio-assay 
of oestrogens. It is of interest that the minimal dose for endometrial effects in 
mature rabbits is in close agreement with a minimal dose of about lyg. of 
oestrone which produces a definite increase in uterine weight in «mmature 
rabbits (McPhail, 1936). 


Intra-uterine oestrone 

Implants of 1 % oestrone in cholesterol were prepared by thorough mixing of solutions of oestrone 
and cholesterol respectively, evaporation of the solvent and compression of the residue. The 
oestrone content of these mixtures and the uniformity of distribution of oestrone in the mixture 
were checked by testing their effect on vaginal smears of ovariectomized mice, after subcutaneous 
injection. 

Rabbits ovariectomized 4 weeks previously received up to four intra-uterine implants of these 
mixtures in the manner previously described by Hohn & Robson (1950). A control segment (C1) 
was removed at the time of implantation. Four days later the animal was killed and a second 
control segment (C2, which had not received any implant) as well as the implanted segments were 
removed. Residues of the implants were looked for, and if found were dried in a desiccator over 
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phosphorus pentoxide and weighed. Owing to a number of factors these weights show considerable _ 


variations and their significance is difficult to interpret; they have therefore not been recorded 
here. 

The evaluation of responses to intra-uterine implants was more difficult 
than those obtained with systemic oestrogen administration. Endometrial 
thickening and separation of stromal nuclei was found to some degree in 
ligated uterine segments of an animal which had not received any oestrogen, 
and can therefore be produced by mechanical interference alone. It was also 


found difficult to produce strictly localized oestrogenic effects. If the total — 


amount of implanted oestrone was well above 1 yg., gland development was 
fairly often increased in the C2 control segment as much as in the implanted 
segments. This can only be attributed to the effect of circulating oestrone 
absorbed from the implants. In spite of these difficulties of interpretation, 
it can be concluded from the results shown in Table 2 that the minimal local 
dose is about 0-5yg., giving a systemic to local dose ratio of only 4/1. 


TaBLE 2. Ocstrogenic effect of intra-uterine oestrone on the endometrium of ovariectomized 
rabbits. Implants 1 % in cholesterol. Each row of the table gives the results obtained 


from one animal 
Implanted segments 
Control segments Dose of oestrone (yg.) 
Ol C2 O85 05 2 
+ ae ++ ++ ++ 
+ ++ +4 ++ 
+ + 
+ 
+ 


This finding raised the possibility that extremely little oestrone was, in fact, 


absorbed from the implants, and further experiments will be performed to — 


investigate this possibility. The relatively high minimal dose of oestrone when 
given as a solid implant in cholesterol is mainly due, in all probability, to the 
relatively poor solubility of crystalline oestrogens in tissue fluids. Shimkin & 
White (1941) have indeed demonstrated the slow absorption of oestrone in 
cholesterol, as compared with progesterone in cholesterol, from the sub- 
cutaneous tissues. Incomplete experiments with intra-uterine injections of 
oestrone in oil of sesame showed a + oestrogenic effect with doses as low as 
0-1 yg. of oestrone, the lowest dose so far tested. This gives a systemic/local 
dose ratio of at least 20/1 when the substance is administered in an identical 
vehicle and in the same physical state en in oil) with both methods of 
administration. 
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Systemic and intra-uterine ethinyl oestradiol 


The fact that so little difference was found between the minimal systemic 
and intra-uterine doses of oestrone made it desirable to obtain similar data for 
another true oestrogen. Ethinyl oestradiol was chosen for this purpose, and 
the experiments were carried out exactly as described above (pp. 246 and 247). 

The minimal systemic dose was found to be about 1-2 ug. (experiments on 
four rabbits). With intra-uterine implants of ethinyl oestradiol (Table 3), 


oestrogenic responses are not infrequently seen in the implanted segments, as 


was also noted with oestrone. The minimal local dose is of the order of 0-5-1 yg. 
giving a systemic/local dose ratio of 2/1. 


TasiE 3. Ocstrogenic effect of intra-uterine implants of 1 % ethinyl oestradiol in cholesterol 


Implanted segments 
Control segments Dose (yg.) 
~ ++ +E ++ ++ 
++ ++ ++ ++ 
- - + 


+ 
= + 


Inhibition of the progestational reaction by oestrone 

Technique. The experiments were conducted on the same general plan as those to determine the 
systemic and local doses of oestrone, except that after ovariectomy the animals were sensitized to 
progesterone by daily subcutaneous injections of 10 yg. of oestrone in olive oil for 7 days. Sections 
were examined microscopically to determine the degree of progestational response of the endo- 
metrium, which was rated on the semi-quantitative scale described by McPhail (1934) from 1 to 4, 
where a value of 1 is the minimal significant response. The tables of results give date from only 
some of the series of experiments performed for each set of conditions. Those experiments in 
which the two hormones were used in the proportion closest to what ultimately was found to be 
the effective p /oest ratio for inhibition of the progestational response, were 


selected in each case. 
Uterine implants of oestrone and systemic administration of progesterone 

In these experiments, three implants of 1 % oestrone in cholesterol were 
inserted, each into a separate segment of uterine horn, and left in situ for 
4 days. During this time, the animals received twice daily subcutaneous 
injections of progesterone in olive oil to give a total dose of 1 mg. The histo- 
logical condition of the control segment then indicated the endometrial 
response to the systemic progesterone, while the oestrone-implanted segments 
indicate to what extent this response has been inhibited by the local action of 
the oestrone implants. 

The results, given in Table 4, indicate that the effect of 1 mg. of systemic 
progesterone is inhibited markedly, though not always completely, by 1 yg. of 
oestrone acting locally. This gives a ratio of oestrone to progesterone, for more 
or less complete inhibition, of 1: 1000. 
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Separate uterine implants of oestrone and progesterone 

In these experiments (see Table 5) two implants, one of 1 % oestrone in 
' cholesterol and one of 1 % progesterone in cholesterol, were placed in the same 
uterine segment. In some animals (as shown in the table) two segments were 
thus implanted, A further segment was given an implant of progesterone only. 
The results indicate that at a progestercas/comtrone ratio of 2/1, complete 
inhibition is obtained. 


TaBiE 4, Responses to uterine implants of oestrone and systemic progesterone. 
Oestrone 1 % in cholesterol; progesterone | mg. 


Implants oestrone) 


Control 0-5 1 2 3 
3 2 0 0 - 
3 | 0-1 0 ~ 
2-3 1 0 0 ‘ 
2-3 1-2 1-2 1 1 
1-2 0-1 0 0-1 
5, Uterine implants of oestrone (1% in cholestrol) and progesterone (1% in 
cholesterol) in the same segment 
Responses 
Doses (yg.) — A 
Animal c A  Prog./oest. Both 
no. Prog Ocst. ratio implants only Control 
C27 40 10 4/1 0-1 
30 10 3/1 1-2 ; 
C38 40 10 4/1 2 
30 10 3/1 0-1 
10 2 0 
C94 20 10 2/1 0 ‘ j 
10 ‘ ‘ 2-3 0 
C95 20 10 2/1 0 
10 ‘ 2 0 
279 12 3 4/1 1-2 
12 4 3/1 1 ; 
10 5 2/1 0 . 
10 2 0 


Intra-uterine implants containing both oestrone and progesterone in cholesterol 
Implants containing both hormones in various proportions in cholesterol 
were prepared in the manner previously described, for the preparation of 
oestrone in cholesterol implants. The composition of these mixtures was such 
that the progesterone content was always 1 %, the oestrone content being 
1/4, 1/3 or 1/2 of this, producing mixtures with 4/1, 3/1 and 2/1 progesterone/ 
oestrone content. The actual doses of the two hormones in each implant are 
shown in Table 6. It will be seen that under these conditions too, inhibition 
of the response to progesterone requires a progesterone/oestrone ratio of about 


2/1, the results thus being similar to those obtained when separate implants of 
the two hormones are used. 
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Uterine implants of progesterone and systemic administration of oestrone 

In these experiments, three to four uterine segments were implanted, each 
with a different dose of 1 % progesterone in cholesterol, while oestrone was 
given by twice daily subcutaneous injection, for 4 days, to produce the total 
dose indicated in Table 7. The animals were killed, as in other experiments, 
after 4 days. 


TABLE 6. Uterine implants containing both oestrone and progesterone 


in cholesterol 
Responses 
Animal no. Prog. Ocst. ratio implants only Control 
12 20 5 4/1 2 
20 6 3/1 1 
20 10 2/1 1 ‘ 
20 1 0 
20 20 3/1 ] 
20 10 2/1 0-1 : 
20 ii ; 2 0 
291 20 5 4/1 0-1 F 
20 6 3/1 0 
20 10 2/1 0 ‘ ‘ 
20 ‘ ; 1-2 0 


7. Responses to uterine implants of progesterone (1 % in cholesterol) 
and systemic oestrone. Total dose of oestrone, 20 ug. 
Implanted segment | 
Dose progesterone ( yg.) 


Control 
10 a 2 1 (no implant) 
0 0 0 0 0 
2-3 l 1-2 0 
2-3 1 1 ; 0 
34 0 0 
1-2 0 0. 0 0 


The results indicate that while 20g. of injected oestrone is in most cases 
insufficient to inhibit the response to 10g. intra-uterine progesterone, it can 
inhibit the response to 5g. of progesterone. The progesterone/oestrone ratio 
for inhibition under these conditions is therefore around 1/4. 


DISCUSSION 
The experiments show that the progestational response to systemic progesterone 
can be inhibited locally, by intra-uterine oestrone implants which suppress the 
effect of the circulating progesterone only in the uterine segment containing 
the implant. This is in agreement with similar results obtained with oestradiol 
benzoate intra-uterine injections by Courrier & Poumeau-Delille (1943) referred 
to in the introduction. Further, the experiments reported above also show that 
the local response to intra-uterine progesterone implants can be inhibited by 
an adequate amount of oestrone, present either in a separate implant in the 
same uterine segment or mixed with progesterone in a common implant. These 
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findings therefore establish clearly that the inhibition of progestational endo- — 


metrial responses by oestrone, in the rabbit, takes place in the endometrium: 
a sufficiency of oestrone in the endometrial cells can antagonize and suppress 
completely the response of these cells to progesterone reaching them either 
via the circulation or from the uterine lumen. 

A further point of interest is the comparison of the quantitative aspects of 
oestrone—progesterone antagonism under various conditions of administration 
of the two hormones. From the studies of Robson (1936), Gillman & Stein 
(1942) and Courrier (1936), it appears that in the rabbit about 10yg. of 
oestrone is required to inhibit the effect of 1 mg. progesterone when both 
substances are given systemically. Using this result in conjunction with those 
of the three alternative modes of administration of the two hormones here 
presented, a comparison under four conditions of administration can be made. 


TaBLE 8. Comparison of ratios progest /oest required to produce inhibition of the action 
of progesterone on the endometrium, under various conditions of administration of the two 
hormones 


Method of administration Caleulated (expected) ratio 
A Observed ratio, 
Progesterone Oecstrone Progesterone Oestrone Ratio progest / oest 
8 8 1000* 10* 100:1 
8 U 1000 2-5 400:1 1000:1 
U 8 10 1:2°5 1:4 
U U 2-5 2:1 


* Basis of comparison: 1000 yg. progesterone systemic is inhibited by 10g. oestrone systemic 
(i.e. ratio of 100:1). S=systemic. U=intra-uterine. Basis of calculation of expected results: 
500 ug. progesterone systemic = 2 ug. progesterone intra-uterine; 2 yg. — rs. 
oestrone intra-uterine. 


_ It would be expected that when allowance is made for the different values of 
the systemic and local doses of oestrone and progesterone respectively, the 
quantity of oestrone required to inhibit a given amount of progesterone would 
be the same under all conditions of administration of the two substances. The 
systemic and local doses of oestrone for the rabbit’s endometrium have been 
shown above to be 2 and 0-5yg. For progesterone, corresponding doses are 
500 and 2g. respectively (Héhn & Robson, 1950). In Table 8 the inhibition 
of 1 mg. of systemic progesterone by 10g. of oestrone is taken as the basis of 
the comparison. From this, using the appropriate local or systemic dose values 
of the two hormones, the expected amounts of oestrone required to inhibit the 
stated quantities of progesterone are calculated and compared as ‘expected 
results’ with the observed results of the experiments reported above. 

It may be claimed that in all cases the expected and observed results are of 
the same order. The departures from the expected results shown are no doubt 
to a large extent more apparent than real, since the observed results represent 
an approximation only to the mean effective ratio for inhibition, for a large 
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population. To establish the various values with greater accuracy would 
require a very large series of experiments, in view of experimental errors as 
well as individual variations in (a) the ratio of inhibition, (b) sensitivity to 


oestrone, and (c) sensitivity to progesterone. 


PART II. INHIBITION OF ENDOMETRIAL RESPONSE TO 
PROGESTERONE BY PRO-OESTROGENS 


| The work of Emmens (1941, 1942) has shown that oestrogens may be divided 


into true oestrogens which (at least on the vagina of the mouse) act directly, 
and pro-oestrogens which need to pass into the general circulation and 
presumably undergo some metabolic change before acquiring oestrogenic 
activity. This was based on the fact that, in the case of true oestrogens, the 
difference between minimal systemic and local doses for the vaginal reaction 
of the mouse is great (at least 50/1), while it is much less for pro-oestrogens. 
Further, on injection into the double vagina, by the method of Robson & 
Adler (1940), true oestrogens (unless given in high doses) are effective only in 
the injected vaginal sac. Pro-oestrogens always affect both vaginal sacs if 
the dose is sufficient to produce an effect in the injected sac. On a comparable 
basis, a number of steroids have been shown to be pro-progestogens as opposed 
to true progestogens in the rabbit’s endometrium (Héhn & Robson, 1950). It 
seemed probable that substances which behave as pro-oestrogens in the mouse 
vagina would act similarly on the rabbit’s endometrium. It would further be 
expected that a pro-oestrogen would be able to inhibit a progestational response, 
when given systemically, but not specifically in an implanted site when placed 
into the uterine lumen. Of the pro-oestrogens listed by Emmens (1941, table 4), 
p-tert.-amyl phenol, ethisterone, trans-androstenediol and stilbene were 
available for trial. 
_ p-tert.-Amyl phenol proved unsuitable since intra-uterine implantation of 
crystals of this substance consistently caused necrosis of the endometrium. 
Ethisterone was unsuitable as it had already been shown to be a true pro- 
gestogen for the rabbit’s endometrium (Hohn & Robson, 1950). 

Experiments with trans-androstenediol and stilbene showed, contrary to 
expectation, that these substances, on intra-uterine administration, could 
inhibit the responses to progesterone. This suggested that in the rabbit's 
endometrium, these substances have direct oestrogenic effects and are, in fact 
for this species and tissue, true oestrogens. This was confirmed, since intra- 
uterine implants of these substances in ovariectomized rabbits produced 
localized oestrogenic effects on the endometrium. a 

In the experiments below, those demonstrating the direct oestrogenic effect 
on the endometrium of trans-androstenediol and stilbene are presented first. 
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RESULTS 
with stilbene 


Five rabbits ovariectomized 4 weeks previously sated an intra-uterine 
implant of 45 mg. of trans-stilbene. In four of these there was a positive 
response of + and in the other of +. All controls were negative. These results 


thus demonstrate that this substance has direct oestrogenic effects on the | 


endometrium. 

This view is further corroborated by the fact that in two rabbits ovariecto- 
mized 4 weeks previously, subcutaneous injections twice daily over 4 days of 
stilbene (in oil of sesame) in a total dose of 240 mg. failed to produce any 
oestrogenic effect on the endometrium. This indicates that the difference 
between the effective — and local dose is considerable, as expected for 
a true oestrogen. 

Tables 9 and 10 show that intra-uterine implants of trans-stilbene can 
inhibit the response to both systemic and intra-uterine progesterone. 


TaBtE 9. Inhibition of response to systemic progesterone by intra-uterine 


implants of crystalline trans-stilbene 
progesterone 
(mg.) (mg.) Implant Control 

1 105 1 3-4 

1 105 0 3-4 

1 105 1 3-4 
0-8 105 2 4 
0-8 105 0 3-4 
0-8 50 1-2 3-4 
0-64 105 0 2 
0-64 105 0 1 


TaBzE 10. Inhibition of progesterone response by stilbene 
Uterine implants of stilbene and progesterone in the same segment. Done of stilbene as crystals, 
105 mg.; dose of progesterone, 1 % in cholesterol, 5yug. — 


Responses 
Both Progesterone 
implants only Control 
0-1 ] 0 
0 0-1 0 
0 1-2 0 
0 2-3 0 
0 1-2 0 
1 1 0 
l l 0 
Experiments with trans-androstenediol 


The experiments tabulated in Table 11 indicate that trans-androstenediol 
has a direct oestrogenic effect on the rabbit’s endometrium. 

In Table 12 are shown results with intra-uterine implants of the same 
substance in ovariectomized rabbits, primed with oestrone in the standard 
manner, which received an implant of 1 % progesterone in cholesterol in the 
same segment. It is seen that inhibition of the progestational response was 
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thus produced. Three rabbits received an implant of 180 mg. 2% trans- 
androstenediol in cholesterol (i.e. 3-6 mg. of the pro-oestrogen) and 1 mg. of 
progesterone systemically. In these experiments too, the pro-oestrogen 
produced a localized inhibition of the progestational response. 


a 11. Local oestrogenic effect of crystalline trans-androstenediol on endometrium 
of rabbits ovariectomized 4 weeks before implantation 


Implant segment, dose of 


Control segments androstenediol (mg.) 
10 
+ 
+ + 
- 
- ++ 
- - ++ 


TaBLE 12. Inhibition of progesterone response by trans drostenediol. /rans-Androstenediol 
and progesterone both implanted in the same uterine segment 


Dose of Responses 


Dose of frans-  prog.as - 
androstenediol 1% in chol. Both Prog. 
(mg.) (ug-) implants only Control 
0 
43 10 3 0 
SUMMARY 


1. In the atrophic endometrium of mature ovariectomized rabbits the 
minimal effective doses of oestrone are 2g. for systemic and 0-5 yg. for local © 
administration (using 1 °% oestrone in cholesterol implants for the latter). For 
ethinyl oestradiol the corresponding doses are about 2 and 1 yg. 

2. Quantitative studies on oestrone—progesterone antagonism in the rabbit 
endometrium show that: (a) The progestational effect of 1 mg. systemic 
progesterone is inhibited by 1g. of oestrone (as 1 °% in cholesterol) implanted 
into the uterus. (b) The progestational effect of intra-uterine progesterone 
(implants of 1 % in cholesterol) is inhibited by half its weight of intra-uterine 
oestrone (1 °% oestrone in cholesterol implants). The same ratio for inhibition 
is obtained when mixtures of both hormones in cholesterol are implanted into 
the uterus. (c) the progestational effect of 5ug. intra-uterine progesterone is 
inhibited by 20 ug. of systemic oestrone. 

3. The experiments on antagonism show conclusively that oestrone- 
progesterone antagonism takes place in the target organ, i.e. the endometrium. 

4. trans-Androstenediol and trans-stilbene, which are pro-oestrogens for 
the mouse vaginal response, have a direct oestrogenic action on the atrophic 
endometrium of rabbits. They can, like oestrone, inhibit the progestational 
response by direct antagonism within the target organ (endometrium). 
p-tert.-Amyl paencl, on intra-uterine application, causes endometrial necrosis. 
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VISUAL PIGMENT 467, A PHOTOSENSITIVE PIGMENT 
PRESENT IN TENCH RETINAE 


By H. J. A. DARTNALL 
From the Group for Research in the Physiology of Vision, 


Institute of Ophthalmology, London 
(Received 30 July 1951) 


In an investigation of the retinal densities of the scotopic pigments in various 
animals it was necessary to select for study a representative of the class in 
which the scotopic response is mediated by visual violet. 

This class comprises the fresh-water fishes (Wald, 1937a, 1939). Of these, 
the tench was chosen, since its scotopic sensitivity has been measured (Granit, 
1941). 

Aqueous digitonin extracts of dark adapted tench retinae were prepared for 
the purpose of estimating the optical density of visual violet in the retina of 
this fish, On exposing these extracts to light it was found, however, that 
bleaching was maximal at approximately 520 my. instead of at 535-540 my. 
as reported by Kéttgen & Abelsdorff (1896) and by Bayliss, Lythgoe & Tansley 
(1936). 

As repeated determinations yielded the same unexpected result, it seemed 
probable that the extracts contained, in addition to visual violet, a photo- 
sensitive component absorbing maximally in the blue and not present in the 
extracts of previous workers. The bleaching of such a component, together with 
visual violet, could account for the displacement of the maximum photo- 
sensitivity from its expected position at 535 my. 

A study of this additional photosensitive component is presented in this 
paper. 

APPARATUS AND METHODS 
Apparatus for measurement of absorption spectra : 
The only method known for the identification and estimation of the visual pigments is measurement 
of their absorption spectra. 

In principle, measurement of an absorption spectrum consists of a series of determinations of the 
optical density at various wave-lengths throughout the desired range. Since the visual pigments are 
photosensitive, it is necessary in these measurements to employ light of very feeble intensity to 


reduce photodecomposition to insignificant proportions. Consequently, thelight-detection apy 
must be of high sensitivity. 
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The density measurements were made in the usual way, that is, by comparing the light trans- 
mitted by the visual pigment solution with that transmitted by a ‘reference’ solution. Similar 
measurements were also made after the visual pigment solution had been exposed to light. As these 
procedures involved removal and replacement of the optical cells containing the solutions, a high 
standard of construction of apparatus and cells was required to achieve the desired precision of 
measurement. 3 

Optical system. The source of light was an 18 W. car headlamp bulb run off a 6 V., 130 amp.-hr. 
accumulator. An image of the vertical filament of the lamp was formed on the entrance slit of 
a Hilger Barfit monochromator. 

The light emerging from the monochromator had a band width which varied with the wave- 
length setting. The total width, AW =Aw, + Aw,, where Aw, was the band width due to dispersion 
and Aw, that due to curvature of the spectral lines (both slits being straight). The widths of the 
entrance and exit slits were 0-04 mm. for all wave-length settings. The length of the entrance slit 
was 11 mm. For these conditions the band widths, calculated from data supplied with the mono- 
chromator, were as shown in Table 1. 

The light emerging from the exit slit passed through a filter (Fig. 1) to remove ‘stray’ light. 
Ilford filters nos. 601-608 in the ‘monochromatic series’ were used in the wave-length range 
410-700 mp. The feebleness of the light intensity in the range 380-400 mp. precluded the use of 
a stray light filter, except on rare occasions, 


TABLE | 
AW, total 
Wavelength Aw, Aw, band width 
(mz.) (mz.) (my.) (mp.) 

400 0-4 0-2 0-6 
450 0-7 0-3 10 
500 1-0 0-5 1-5 
550 1-4 0-6 2-0 
600 1-9 0-8 2-7 
650 1-1 3-6 


Optical cells and holder. The optical cells containing the solutions for absorption spectra measure- 
ments were of fused glass construction (Fig. 1). They had a capacity of approximately 0-4 ml. The 
internal distance between the optical faces was 0-5 cm. 

The cells were a sliding fit in the cell carrier (at 20° C.). All cells were of identical dimensions 
to a high standard of precision. However, no two cells transmitted exactly the same proportion 
of light when filled with the same liquid. The differences in transmission, which were almost 
independent of wave-length, were about 1%, corresponding to a density difference of 0-004. 

The cell holder (Fig. 1) comprised a movable carrier supported by an outer case. The body of the 
carrier was an LLJ-shaped piece of brass accommodating two optical cells. It was covered on both 
sides by thin plates, P, having circular apertures to correspond with the optical cells. The base, S, 
and the plates, P, were of plastic to give thermal insulation from the outer case. Passages were 
drilled in the carrier to allow the circulation of water from a thermostat. The temperature was 
indicated by a thermometer, 7'h, inserted in the central column of the LLJ. 

The base S fitted into a groove in the base, B, of the outer case, this arrangement permitting 
a lateral movement limited by the end-pieces, Z. These were so positioned that full movement of 
the carrier in either direction brought each cell in turn into alinement with the circular apertures 
in the outer case. The apertures, A (front and back) were of slightly smaller diameter than that of 
the cells to ensure equalization of ‘edge’ effects. 

The front aperture in the outer case was enclosed by a spigot, Sp, threaded to engage with the 
telescopic connecting tubes 7'C. The back aperture was similarly enclosed in an unthreaded spigot 
which was a sliding fit in the corresponding member of the photocell housing. 

Entry of light between the carrier and the outer case was prevented by a wafer, W, fixed to the 
carrier. Caps, C, were placed over the cells after insertion to prevent entry of light from above. 

The cell holder and photocell housing were rigidly mounted on an optical bench. 
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Temperature control. The temperature of the solutions was controlled during measurement of the 
optical densities by circulating water (at 300 ml./min.) from a thermostat through the channels 
(of capacity 4 ml.) in the carrier. To allow temperature equilibrium to be established, at least 5 min. 
elapsed between inserting the cells in the carrier and commencing the measurements. 

The thermostat was adjusted to run at 20-040-1°C. At equilibrium, the temperature indicated 
by the thermometer in the carrier was 0-1° C. above or below that of the thermostat, depending on 


the room temperature. Thus all absorption spectra were measured at 20-0-+0-2° C. (uncorrected). 


‘The photoelectric cell, After passing through the cell holder the monochromatic light beam was 
received on the cathode of an R.C.A. 931 A multiplier photocell. Although the maximum response 
of this cell was in the near ultra-violet, its sensitivity was sufficiently high to allow measurements 
to be made at 700 my. with the present apparatus. 


Fig. 1. The optical cell holder. For explanation, see text. 


The photocell was activated by a specially constructed mains unit. The smoothed and stabilized 
output voltage from this unit was applied across a chain of matched resistances connected to the 
dynodes of the photocell. By varying a resistance in series with this chain the potential difference 
between dynodes could be varied from 90 to 110 V. The photocell was normally activated at 
100 V. per stage. 

The output leads were connected to a critically damped d’ Arsonval galvanometer of period 2 sec. 
Readings were observed on a translucent scale, 50 cm. long, calibrated in mm. The scale was rigidly 
mounted at a distance of 1 m. from the reflecting mirror attached to the galvanometer coil. 


Technique of density measurements 
Method. Optical density is defined a8 logio(Iinc:/trns,)» Where Iype, is the intensity of light 
entering the front surface of the medium, and J,,,,,. the intensity leaving the back surface. It is 
impracticable to measure J,,,. and J,,.,,. directly owing to reflexions which, in the case of liquids, 
take place at two vessel/air interfaces and at two vessel/liquid interfaces. 
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This difficulty was avoided in the following, standard, manner. A second (‘reference’) optical 
cell of identical construction to that containing the solution under test was filled with solvent alone. 
The two cells were then successively placed in the light beam issuing from the monochromator, the 
intensities of light falling on the photocell after passing through them being recorded. It may be 
shown by simple theory that the of the 


Da=D,- -D,= logo 


where D, and D, are the optical densities of the solution and solvent respectively, and J, and J, are 
the intensities of light leaving the rear surface of the ‘reference’ and ‘solution’ elle teed hence 
falling on the photocell). 

The method gives the density of the solute in the dissolved condition, not the density of the 
solution as a whole. In a retinal extract, which contains digitonin, buffer salts and impurities in 
addition to the visual pigments, the absorption due to the digitonin and buffer salts may be 
eliminated by using as the reference solution an aqueous buffered digitonin solution of the same 
strength. The density measured in this case is that of the visual pigment and accompanying 
impurities of retinal origin. 

The observations were carried out as follows. Having made the required wave-length setting and 
inserted the appropriate stray light filter (Fig. 1), the light intensity was adjusted (by means of 
a neutral wedge of density range 0-2 placed between the light source and the entrance slit) so that 
full-scale deflexion of the galvanometer was obtained with the ‘reference’ cell in position. 

Between the light source and the entrance slit was a slowly rotating sector disk (1 rev./min.). 
This alternately prevented and allowed the passage of light for 15 sec. periods and thus ensured 
_ that the photocell/galvanometer combination had a regular history during the experiment. 

When the disk prevented the passage of light a ‘zero’ reading, a, was taken. When it allowed 
passage of light a further reading, b, was taken. The cell carrier was then quickly transferred to 
bring the ‘solution’ cell into the light beam and the new reading, c, noted. The deflexions (6 — a) 
and (c — a) were measures of the intensity of the light falling on the photocell after passing through 
the ‘reference’ and ‘solution’ cells respectively. The density was calculated from the formula 


Readings were estimated to 0-1 mm. 
Accuracy and. grecision. For the density measurements to be accurate, the response of the 
ll-galv ter unit must be proportional to the light intensity. Tests showed that the 
photocurrent was strictly proportional to the light intensity. The galvanometer deflexion, however, 
was not proportional to the photocurrent. The small deviations, principally due to geometrical 
distortion caused by the use of a straight galvanometer scale, resulted in errors in the density 
measurements almost exactly proportional to the magnitude of the measured density, the latter 
being uniformly 1-75 % too low. (Within the density range 0-0-0-7, the residual errors from 
assuming that the density error was 1-75 % never exceeded 0-0005 and were usually much less). 

As the present investigation was concerned only with the relations between densities at different 
wave-lengths (absorption spectra) the need for applying such proportional corrections did not arise. 
The densities quoted in this paper are, therefore, uncorrected. 

To ascertain the precision of the method the standard deviations, cp, of the density measure- 
ments were determined for various density levels between 0-0 and 0-5. Each estimation of co, 
was calculated from ten consecutive determinations of the density. Because of variation in the 
*steadiness’ of the galvanometer readings, some day to day variations in the standard deviations 
were observed. The averages of values observed at various times were as shown in Table 2. 

In the investigation proper, all density measurements were made at least twice. The standard 
deviations of the means of two determinations are given by op/,/2. Because of other, not easily 


assessable errors, however, the figures quoted in Table 2 may be used as a rough guide to the total 
errors. 
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The bleaching apparatus 
For complete bleaching of the visual pigment solutions a 15 W. clear, wire filament lamp was 
used, The solution to be bleached was placed on white paper about 9 in. from the lamp and exposed 


_ for 15-20 min. Such bleachings are referred to in this paper as bleachings by ‘white’ light. 


For bleachings with approximately monochromatic light an apparatus similar in principle to that 
used for measurement of absorption spectra was employed. The source of light was a tungsten 
ribbon filament lamp (6 V., 18 amp.) run off a 310 W. ‘Westat’ constant potential power unit. 


The light from this lamp was focused on the entrance slit of » Hilger Barfit monochromator. 


TABLE 2 


Standard 
Density, D deviation, op 


0-0 . 0-0004 
0-1 0-0005 
0-2 0-0006 
0-3 0-0007 
0-4 0-0009 
0-5 0-0011 


A ‘monochromatic’ image of the telescope lens of this instrument was formed on the front face of 
the optical cell, containing the solution to be bleached, by means of a lens screwed into the mounting 
of the exit slit. The dominant wave-length and purity (band width) of the bleaching lights used are 
given in Tables 5 and 8. 

A holder, similar to that described for the absorption spectrum apparatus, supported the 
‘solution’ and ‘reference’ optical cells, the latter cell being protected from the bleaching light. 
The temperature was controlled at 20° C. ee oe 
a thermostat through passages drilled in the holder. 


Preparation of visual pigment solutions 

The major part of the experimental work was carried out with retinal extracts of the dark 
adapted tench (T'inca tinca), but for certain comparative experiments a retinal extract of the pike 
(Esox luctus) was also prepared. 

All operations were performed in a dark room in the general illumination of a deep red photo- 
graphic safe light. Additional illumination, where necessary for operations such as removal of the 
retinae, was provided by a cycle torch lamp (6 V., 3 amp.) with reflector, fitted with Ilford 
‘monochromatic’ filter no. 609 (transmitting from 650 mp. to the infra-red). Tests showed that 
photochemical bleaching of visual violet (and visual purple) solutions in these illuminations was 
negligibly small for the periods of necessary exposure. Even so, exposure was avoided as far as 
possible and many procedures were carried out in total darkness. 


Removal of retinae 

Tench. The fish was laid on its side and the centre of the cornea of the upper eye punctured with 
the point of one blade of a sharp pair of scissors. The point was gently pressed into the eye and 
a cut made from the corneal centre. Three other cuts, mutually at right angles, were then made, the 
final appearance of the incisions being that of a cross with its mid-point at the corneal centre. 

A pair of forceps, held with its limbs an eye-diameter apart, was carefully pressed on the eye. 
This caused the lens to protrude. The forceps were then partially closed and the lens eased away. 

The forceps were lowered into the eye and a portion of the retina gently grasped. The retina was 
surprisingly coherent and, provided the forceps were gradually raised, came away in one piece. 
The retina so obtained, with an accompanying drop of aqueous and vitreous humours, was placed 
in the first washing solution, whereupon it resumed its shape to reveal a hole in its base where the 
optic nerve had entered. In some cases the size of this hole indicated that a considerable portion 
of the retina had remained behind with the optic nerve. 

PH. CXVI. 17 
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Pike. The fish was laid on its side and a diagonal cut made across the cornea which was then 


removed by a peripheral incision. After lifting out the lens, the retina was obtained piecemeal in as 
large portions as possible. . 


Washing of retinae prior to extraction of visual pigments 

Method. The retinae, removed as described above, were placed directly in the washing solution 
(Mclivaine’s pH 4-6 buffer) in a centrifuge tube. The mixture was stirred for 1 min. by introducing 
a small ball-bearing into the tube and moving the latter vigorously between the poles of a powerful 
magnet. This procedure broke up the retinae into small fragments. The well-stirred mixture was 
centrifuged at 4000 rev./min. for 20 min. The clear, yellow supernatant was completely withdrawn 
from the compacted sediment by means of a micropipette and discarded. 

A further quantity of the pH 4-6 buffer was then added to the residue in the tube and the stirring, 
centrifuging and removal of the supernatant, now paler in colour, repeated. In all, the retinae 
were washed three or four times (see Table 3), the last washing being almost colourless. 

Absorption spectra of the washings of tench retinae. The absorption spectra of successive washings 


of eleven tench retinae with 3 ml. portions of MclIlvaine’s buffer solution of pH 4-6 are shown in 
Fig. 2. 


' 
aa 


a, 


380 400 420 440 460 480 500 520 540 560 580 600 
Wave-length (my.) 
Fig. 2. Absorption spectra of successive washings of tench retinae with McIlvaine’s buffer solution 
of pH 4-6. ©, first washing; (}, second washing; @, third washing; ---, absorption 
spectrum of oxyhaemoglobin (I. G. Wootton, unpublished). 


The spectra of the washings, particularly the first and second, were characterized by a strong 


absorption band, maximal at 405 mp. Traces of this band also appeared in the third, and in this 
case final, washing. The absorption spectrum of the subsequent digitonin extract of these washed 
retinae (extract 8) also showed a very slight inflexion in this spectral region, indicating that, in this 
case, the triple washing with pH 4-6 buffer had not been completely effective in. removing the 
material responsible for this absorption. For this reason the retinae were usually washed four 
times before extraction with digitonin (Table 3). In such cases the digitonin extracts appeared to be 
quite free from the ‘405 chromophore’ (see, for example, Fig. 3). 


Mollvaine’s buffer of pH 6-5, unlike that of pH 4:6 is not very effective in removing the ‘405 


chromophore’. In a previous communication (Dartnall, 1950) an extract of tench was described in 
the preparation of which pH 6-5 buffer had been used for washing the retinae prior to extraction 
with digitonin. It is apparent from the absorption spectra given that the ‘405 * was 
present in large amount in this extract of visual pigments. This material was doubtless responsible 
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for the slight loss in density, maximal at 407 my., observed on bleaching as such a loss has not been 
observed on bleaching extracts free from the chromophore, i.e. extracts prepared from retinae 
which had been adequately washed with pH 4-6 buffer. The claim (Dartnall, 1950) that this 
substance was @ visual pigment is now considered to have been unfounded. Collins & Morton 
(1951) have also criticized the original claim and have suggested that the ‘405 chromophore’ 
is oxyhaemoglobin. Oxyhaemoglobin, however (Fig. 2, broken line) has three well-defined absorp- 
tion bands, at 415, 540 and 575 my., respectively, while the ‘405 chromophore’ has a band at 405 my. 
and, possibly, a much weaker band between 470 and 550 my. The ‘405 chromophore’ resembles, in 
this respect, the substance extractable from the choroidal gland of certain fish (Barnet, 1951). 
Barnet considers that this substance may be cytochrome c. | 


Extraction of visual pigments from the washed retinae 

The extraction of the visual pigments from the retinal centrifugate remaining from the last 
washing with pH 4-6 buffer was effected by the addition of a freshly prepared 2 % w/v solution of 
digitonin (Tansley, 1931) and by stirring for 5 min. The mixture was centrifuged for 20 min. at 
4000 rev./min. The supernatant was pipetted into another vessel and the residue re-extracted with 
a further portion of the digitonin solution. After centrifuging, the second supernatant was with- 
drawn and added to the first. The bulked extract was then brought to the required pH by the 
addition of a suitable buffer solution. | 


TaBLE 3. Preparation details of the extracts 


Time Volume Weight 
Size (cm.) of dark (ml.) of Volume 0 
of adapta- Retinae extractant ols of buffered ph 
Extract Dateof andno.of tion washing CO % extract at 
Fish* no. preparation (br.) solutions )  addedt (g.) 20°O. 
Tench (5) 2 16.v.50 16 | 499 7-74 
Tench (6) 5 26.vi.50 | 2x20 dhp. 443 762 
1x4ml.06 % NaCl 
Tench (8) 7 11-18(6) 19 1x40 — 872 
Tench (6) 8  2%6.ix.50 19-15(11) 88 3x3mipH46 2x15 08 sb. 327 8-68 
Tench (5) 9 33.50 1415(10) 88 4x3ml.pH46 08 php. 365 417 
Tench (8) 10 9.x.50 13-15(16) 69 4x4mi.pH46 2 x20 § 
Tench (6) 11 1.xi.50 18-15(12) 44 4x4mi.pH46 2x11 241 854 
Tench (7) 12 8.1.51 14-983(18) 66 4x5ml.pH46 (2x15 03 6b. 323 840 
Pike(l) 1 55 (2) || 4x4mi.pH46 2x10 — 82% 
cllvaine’s solution, p 


The following solutions were used: ‘d.b.p.’, a molar solution of disodium hydrogen 
solution of sodium borate; and ‘p.h.p.’, a molar/4 solution of potassium areas es ‘ 
§ The bulked extract (3-97 g.) was divided into tw Feng To one portion (1-902 g.) was added 0-195 g. of p.h.p. 
in 
the e 


+), 
pike was dead when received from the angler. ih wen hope darkness for a short period before commencing 


Examination of the retinal residues after the final treatment with digitonin solution often 
showed that extraction of the visual pigments was incomplete. Some variation in extractive 
efficiency was noticed among the samples of digitonin used, which were from various sources. 

The buffered extracts were stored in darkness in a refrigerator (3° C.), portions being withdrawn 
for experiments over a period of 3-4 days. At the end of this time (and, indeed, for much longer 
periods) the extracts retained their original clarity apparently unimpaired, though measurement 
showed a gradual increase in density with time in the short wave-length region of the spectrum. 
The extracts were centrifuged at 4000 rev./min. on each occasion before withdrawal of a portion 
for experiment. 

Details of preparation of the extracts_are shown in Table 3. rie 
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Measurement of hydrogen-ion concentration 

using a glass-calomel electrode assembly. All measurements were carried out at 20+ 0-5° C. 

About 2 ml. of solution were required for the test. Accordingly, the bleached solutions from 
experiments were ‘saved’ in a closed tube stored in a refrigerator until this volume had been 
accumulated. Special tests indicated that after a week’s storage the pH of the solutions had not 
changed and also that there was no significant difference in pH between bleached and unbleached 
buffered solutions. 

RESULTS 
‘Stability of the solutions 7 

As a test of thermal stability the absorption spectra of all solutions, unbleached 

and bleached, were determined twice. The method adopted may be illustrated 
with reference to the curves in Fig. 3. The ‘unbleached’ curve for tench was 
obtained as follows. The densities at wave-lengths of 380-620 my. were 
measured at intervals of 20 mp. (time taken, 25 min.). Immediately following 

this, densities were measured from 630 to 390 my., again at 20 my. intervals 

(time taken, 27 min.). The ‘bleached’ curve was obtained in a similar manner, 

the outward measurements taking 27 min. and the inward 26 min. 

This is typical of a ‘rapid’ determination. In some instances a considerable 
interval elapsed between finishing the outward and starting the inward 
measurements. For example, in the case of the ‘unbleached’ curve for the 
pike (Fig. 3), there was a 2 hr. interval between the last outward and the first 
inward measurement, and similarly in the determination of the ‘bleached’ curve, 
an interval of 23 min. between the two sets of measurements. 

The fact that the inward measurements in all cases retraced the paths of the 
outward measurements indicated that both unbleached and bleached solutions 

were thermally stable. 

_ Observations were not always taken at every wave-length interval of 20 mp. 
but in all experiments sufficient ‘interlacing’ of the results was obtained to 
reveal the stability of the solutions. 

It would be confusing in the various graphs of this paper to indicate outward 
and inward measurements by different symbols, particularly when dealing 

_ with ‘difference’ spectra. The above procedure was invariably adopted, and 
all absorption spectra described in this paper refer to thermally — solutions 

unless indicated to the contrary. — 


Experiments with alkaline retinal extracts 
The anomalous shape of the tench difference spectrum 


_ The absorption spectra before and after bleaching of an extract of pike 
retinae, buffered at pH 8-24, are shown in the upper half of Fig. 3. These curves 


show that on bleaching the solution with ‘white’ light, the density decreases at 
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wave-lengths greater and increases at wave-lengths less than 451 mp. At 
451 mp. the density of the solution is unchanged by bleaching. 


0° Pike 
Bleached | | 
0°4 
0°3 Unbleached 
01 A. 
Difference 
3 
3 Tench 
1 
0° leached 
o2- 
0-1 
| 
04 


400 500 
Wave-length (my.) 


Fig. 3. Comparison of the absorption spectra of pike and tench extracts before and after bleaching 
with white light. The vertical interrupted lines facilitate comparison of the two difference 
spectra. Pike extract 1, pH 8-24; tench extract 12, pH 8-40. 


The ‘difference’ spectrum is obtained by subtracting the bleached curve 
from the unbleached and gives the change in density on bleaching. The difference 
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spectrum is uncomplicated by the presence of stable impurities, as these 
contribute equally to the absorption in the unbleached and bleached solution. 
It shows (Fig. 3) that, on bleaching, density is lost maximally at 535 mp. and 
gained maximally at 405 my., behaviour typical of a visual violet solution. 
The loss in density is due to the bleaching of visual violet and the gain to the 
consequent formation of the ‘indicator’ substance, that is the substance 
analogous to the indicator yellow formed by bleaching visual purple. _ 

The difference spectrum is, in fact, the difference between the true absorption 
spectrum of visual violet and the true absorption spectrum of its indicator 
substance. The upper and lower portions of the difference spectrum are hence 
approximations to the absorption spectra of visual violet and its indicator 
substance respectively. The proximal limbs of these curves, however, mutually — 
distort each other, with the result that the true absorption maximum of visual 
violet must be at a shorter wave-length than that indicated by the difference 
spectrum (535 mp.) while the true absorption maximum of the indicator 
substance (at pH 8-24) must be at a longer wave-length than 405 mp. | 


TABLE 4 
Wave-length (my.) of 
Difference Maximal Mates No change 
spectrum of density loss density gain in density 
‘Pike 535 405 451 
Tench 520 395 440 


The absorption spectrum of an extract of tench retinae (extract 12), prepared 
in exactly the same way and buffered, as nearly as possible to the same 
pH (8-40) is shown in the lower half of Fig. 3. The ‘unbleached’ curve has 
@ maximum at a wave-length of 495 my. instead of at 530 mp. as in the pike. 

The dissimilarity between the pike and tench extracts is best shown, however, 
by their respective difference spectra. The shape of these is not the same even 
after allowing for their difference in height (due to the solutions being of 
different strengths). The differences may be summarized as shown in Table 4. 
Since the experiments were carried out in almost identical conditions there are 
only two likely reasons for this dissimilarity; either the visual violet of the 
tench is different from that of the pike, or the tench extract contains one or 
more photosensitive pigments in addition to visual violet. 


The composite nature of the tench difference spectrum 

If tench extracts contain, besides visual violet, another photosensitive 
component this would need to have an absorption maximum in the short wave- 
length region of the spectrum in order to account for the anomalous shape of the 
difference spectrum. In this event it should be possible to bleach out the visual 
violet preferentially with light of long wave-length. 
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That this is, in fact, the case is shown by the following experiments on 
another extract (extract 10, pH 8-66). First, the changes in density on exposure 
of a sample of this extract to ‘white’ light were determined. These changes, 


given by the curve marked ‘total’ in Fig. 4, are similar to those obtained with 
the previous tench extract (Fig. 3). 


2? 
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Decrease 


Increase 


500 
Wave-length (mj..) 


Fig. 4, The two light-sensitive components in tench extracts. @, density changes on exposure to 
white light (‘total’); +, density changes on exposure of another sample of the same extract to 
light of wave-length 610 my. (‘red-sensitive’); x , density changes on further exposure to white 
light (‘red-insensitive’); ©, algebraic sum of the red-sensitive and red-insensitive components. 
Tench extract 10, pH 8-66. 


The following, day, two absorption cells were filled with further samples of 
extract 10. After measuring the initial differences in density between the two 
cells, one of them was exposed to orange-red monochromatic light (610 my.) 
for 44 hr. The resulting changes in density with respect to the unexposed 
solution were then measured. These changes (after allowance for the small 
initial differences) are shown in Fig. 4 (curve marked ‘red-sensitive’). This 
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curve shows that bleaching with orange-red light caused a maximal density 

loss at 535 mp, a maximal gain at 405 my. and no change at 450 my., changes 

similar to those which took place on bleaching an extract of pike retinae with 
‘white’ light (Fig. 3). 

The solution which had been exposed to the crunganel light was then 
exposed to green light (530 my.) for 30 min. The object of this was to bleach 
any traces of the red-sensitive component remaining. In fact, measurement 
showed that there was no further loss of density at 535 my. but only a very 
small amount of bleaching in the short wave-length region of the spectrum 
(maximal density loss, at 470 my., 0-003). The solution was then exposed to 
white light for 15 min. This caused further bleaching, again maximal at 470 my. 
(density loss 0-026). The changes in density due to the exposures to green and 
white light are shown in Fig. 4 (curve marked ‘red-insensitive’). 

‘The algebraic sum of the difference spectra of the red-sensitive and il 
insensitive components of the extract is also shown in Fig, 4. This is in good 
agreement with the original difference spectrum for white light obtained on the 
previous day, showing that the two components of the solution were thermally 
stable. 

These experiments indicated that extracts of tench retinae are not homo- 
geneous but contain two light-sensitive components, one showing density 
changes on bleaching which are maximal at 535 my. (the ‘red-sensitive’ 
component) and the other changes which are maximal at —_ 470 mp. (the 
‘red-insensitive’ component). 


The red-sensitive component of tench extracts 

It has already been noted that the red-sensitive component has absorption 
characteristics similar to those of visual violet as reported in the literature. 
In order to obtain data for precise comparison, a number of determinations 
of the difference spectrum of the red-sensitive component were made under 
controlled conditions (pH 8-40-8-68) by bleaching various extracts with mono- 
chromatic lights of wave-lengths 600-650 my. Two methods were employed. 
In method A the absorption spectrum of the unbleached solution was first 
measured with reference to a digitonin solution buffered to the same pH. The 
solution was then exposed to the long wave-length monochromatic light, after 
which the absorption of the solution was measured again. The difference 
spectrum was obtained by subtracting the final from the initial observations; 
in method B both optical cells were filled with the unbleached solution and after 
first measuring the small density differences between them one cell was exposed 
to the monochromatic light. The density differences between the cells, after 
this exposure, were then measured. Apart from the correction which must be 


applied for the small initial density differences, the difference —, is 
measured directly by this method. 
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The difference spectra obtained by bleaching four separate extracts of tench 
| | yetinae with red light of wave-lengths varying between 600 and 650 my. are 
shown in Fig. 5. To make comparison easy, the difference spectra obtained have 
4 
: 
| + 
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10 
20 
40 
70 _% 
‘ 
500 600 
Wave-length (my.) 
Fig. 5. Difference spectrum of the red-sensitive component in tench extracts (obtained by exposing 
solutions to light of wave-lengths which do not bleach the red-i iti t). +,extract8 
(610 mp.); extract 8 (650 myp.); x, extract 10 (610 mz.); O, extract 11 (600 my.); 
: @, extract 12 (630 my.). Mean pH, 8-6. 
in all cases been multiplied by such factors that the values at the maximum 
_ (535 mp.) become 100. The actual density losses at this wave-length are shown 
in Table 5. 
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The standard deviation of a density determination increases with increasing 
density. In the present series of experiments the lowest density was zero and 
the highest about 0-3. Over this range the standard deviation, op, varies from 
0-0004 to 0-0007. Taking 0-0006 as applicable throughout the measurements, 
and bearing in mind that difference spectra are the differences between two 
sets of measurements, the standard deviation at any point of the difference 


Taste 5. of of tench aind rotines. 


See Figs. 5 and 6. 
Bleaching conditions 
Total 
Mean wave- Density loss at 
Date of Dura- wave length poevid 535 my.t 
Extract experi- tion length Range A 
Fish  no,* ment Methodt (hr.) (mp.) (my.) Actual Possible 
Tench 8 27.ix.50 A 2 610 594-626 None 0-120 0-134 
Tench 8 #£28.ix.50 B 2 650 631-669 None 0-057  (0-134)§ 
Tench 10 12.x. 50 B 44 610 597-623 None 0-093 0-093 
Tench 11 3.xi.50 Bij 2 600 587-613 Ilford 607 0-091 0-130 
Tench 10.i.51 B 16 630 615-645 Ilford 204 0-124 0-124 
Pike 1 7.x1.50 A 4+ (White) All — 0-265 0-265 
1 9/10.xi1.50 B 18 430 Ilford 601 0-142 0-251 


422-438 
1 10.xi.50 BY 2 530 =©617-543 ford 625 0-107 0-109 


* Full details of the extracts, viz. dates of preparation and pH, are shown in Table 3. 

+ In method A the absorption spectra of the extract before and after bleaching were measured 
with reference to a similarly buffered digitonin solution; in method B, the changes in absorption 
of the extract on bleaching were measured directly with reference to an identical but unexposed 
sample of the extract. 

¢ The density loss at 535 my. is a measure of the amount of visual violet. The actual loss is that 
resulting from the bleaching conditions set out in previous columns, the possible loss is that which 
would occur if the total amount of visual violet present at the beginning of the exposure were 
bleached. 

§ Assumed to be the same as in the immediately preceding experiment. 


|| Solution previously partly bleached for 17 hr. _ light of mean ara ee 430 mp. (see 
Table 8, experiment of 2/3. xi. 50). 


4] Solution previously partly bleached for 18 hr. with light of mean eee 430 mp. (this 


' table, preceding experiment). 


spectra is 0-0085 (¢p,/2). Since the difference spectra shown in Fig. 5 have been 
plotted with the values at 535 my. adjusted to 100, there is no variation at this 
point. In consequence, the standard deviation at any other point is 0-0012. 
Since the actual density losses at 535 my. range from 0-06 to 0°12 (Table 5) this 
standard deviation corresponds to 1-2 ordinate units. Fig. 5 shows that the 
_ difference spectra obtained under various conditions (Table 5) are in agreement 
within experimental error except at the short wave-length extreme of the 
spectrum where the scatter is greater than expected. 

The difference spectrum of the pigment present in pike extracts (visual 
violet) was obtained under nearly identical conditions (pH 8-24) by a number 
of methods. The difference spectrum for white light is shown in Fig. 3. On 
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another sample of the same extract, the difference spectre for blue light 
(430 my.) was determined by method B, The bleaching was interrupted after 
the solution had been approximately half bleached and was completed by 


: 4 
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400 500 600 700 

Wave-length (my.) 

Fig. 6. Comparison of the difference spectrum of the visual pigment of pike (visual violet) with 
that of the red-sensitive pigment of tench. ©, + and x, difference spectra for pike to white, _ 
430 and 530 mu. respectively (extract 1, pH 8-24); —, average difference spectrum for 
the red-sensitive pigment of tench (Fig. 5), mean pH 8-6. 


exposure to green light (530 my.), thus giving the difference spectrum for light 
of this wave-length also. } 

The three difference spectra obtained (‘white’, green and blue) are shown in 
Fig. 6. As in the case of the tench the results have been multiplied by suitable 
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factors to bring the maximum to 100 in each case. The actual density losses at 
535 mp. are given in Table 5. Apart from minor discrepancies, again in the 
short wave extreme of the spectrum, the difference spectra are in close agreement. 
Tle continuous line in Fig. 6 represents the mean-of the results, shown in 
Fig. 5, for the red-sensitive component of the tench extracts. The agreement 
with the results for pike is within experimental error. 
From these experiments, the following conclusions are drawn: 


(a) The ‘red-sensitive’ component of the tench is identical with the photo-— 


sensitive pigment of the pike (visual violet). This, however, does not preclude 
the possibility that the protein moiety is different in the two cases as this may 
not contribute to absorption in the visible. 

(6) The pigment visual violet cannot be resolved into components by 
partial bleaching with lights of different spectral composition (‘white’, and 
650, 630, 610, 600, 530 and 430 mz.). It is therefore a homogeneous pigment. 

(c) Variation of the wave-length of the bleaching light does not affect the 
nature of the end product (the indicator substance analogous to the indicator 
yellow of visual purple) and hence is presumably without — on the course 
of the bleaching. 

(d) Since the difference spectra of Figs. 5 and 6 are based on changes of 
density at the maximum (535 mp.) varying from 0-057 (extract 8, tench) to 
0-265 (extract 1, pike), i.e. a fivefold range of concentration, Beer’s and 
Lambert's laws of light absorption (implicitly assumed in adjusting all maxima 
to 100) are obeyed by visual violet and also by the indicator substance Mma = 
405 mp. at pH 8-24 —8-68) formed on bleaching. 


The red-insensitive component of tench extracts 
Having identified the red-sensitive component of tench retinal extracts with 


visual violet, further experiments were carried out to determine the difference _ 


spectrum of the red-insensitive component and also to ascertain whether this, 
too, is homogeneous or, alternatively, a mixture of red-insensitive pigments. 

The difference spectrum of the red-insensitive component was obtained in the 
following ways: 

(1) By subtracting the density changes due to the bleaching of visual violet 
from the total density changes caused by exposure of a solution to white light. 

(2) By observing the further changes in density, on exposure to white light, 
of a solution in which the visual violet had been either partially or completely 
removed by a previous exposure to light of long wave-length. In cases where 
the visual violet had been completely removed, the ensuing changes on 
exposure to white light were due solely to bleaching of the red-insensitive 
component; in cases where the visual violet had been only partially removed, 
however, the changes caused by white mane were due to the bleaching of both 
components. 
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at In the above methods, the red-insensitive component was completely 
he } bleached by white light. To establish the homogeneity, or otherwise, of the 
at. red-insensitive material, partial bleaching is necessary. The ns additional 
in methods were used. 

nt (3) Partial removal of visual violet by exposure to long wave-length light as 
in method 3, followed by exposure to monochromatic light of shorter wave- 
length which caused the bleaching of some of the red sensitive material and 
o- ¢ some of the residual visual violet. 

de (4) Initial exposure to light of short wave-length. This caused partial 
RY bleaching, both of the red-insensitive material and of the visual violet. 

In all the above methods, with the exception of that in which the visual 
dy violet was first completely removed, the difference spectra obtained required 


nd |‘ correction for the changes in density due to bleaching of visual violet. To apply 
it. this correction it is necessary to know the amount of visual violet bleached as — 
he well as its difference spectrum. The method of calculating the correction was 
or the same in all cases and may be conveniently illustrated for the case of method 1. 
se The changes in density caused by exposure of a typical tench solution 


(extract 12) to white light are shown in Fig. 7 (filled circles). This curve is 
of } composite, consisting of the algebraic sum of the difference spectra of visual 
to violet and of the red-insensitive component. The absorption of the red- 
id insensitive material is negligible at wave-lengths of 560 my. and longer (Fig. 4). 
na Consequently, that portion of the composite difference spectrum beyond 560 my. 
= is due to visual violet alone. Since the difference spectrum of visual violet is 
accurately known (Fig. 5), an estimate of the visual violet content of the 
solution can be made for each observation from 560 my. to the last observation 
| at 630 my. (Table 6). The first five estimates for the amount of visual violet 


th are in fairly good agreement, thus confirming that absorption due to the 
ce red-insensitive component is negligible in this region. The others are less 
8, reliable, partly because the change in density (column 2) on which they are 
based is smaller and partly because the difference spectrum of visual violet is here 
he (for the same reason) not so accurately known. The weighted mean density 
¢ change at 535 my. due to visual violet is 0-129. From this mean figure and the 
ot difference spectrum for visual violet the density changes due to the bleaching 
t. of this pigment can be calculated. Since the bleaching of visual violet results 
t, in a loss of density at wave-lengths greater, and a gain at wave-lengths less 
ly than 450 my., the ‘visual violet corrections’ above and below this wave- 
re length are of opposite sign. The magnitude of the corrections at each wave- 
yn length are represented by the lengths of the dotted lines in Fig. 7. The density 
re changes remaining, after subtracting these, contributed by the bleaching of 
d, Visual violet, are due to the red-insensitive component. 
h In Fig. 8A are shown the results of eight determinations of the difference 


spectrum of the red-insensitive component. Six of these difference spectra were 
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Fig. 7. Calculation of the difference spectrum of the red-insensitive pigment from the total density 
changes caused by exposure to white light. The density changes due to the bleaching of visual 
violet (lengths of the interrupted lines) are subtracted from the total changes (@) leaving 


@ remainder (©) due to the red-insensitive pigment. Tench extract 12, pH 8-40. 
TABLE 6 
density change 

Wave-length in di at 535 my. 

(mp.) (Fig. 7) ted) 
560 0-1161 0-1296 
570 01024 0-1303 
580 0-0862 0-1295 
590 0-0656 0-1264 
600 0-0473 0-1233 
610 0-0309 0-1201 
0-0198 0-1138 
630 0-0114 0-1056 
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calculated from the composite changes in density taking place on bleaching — 
solutions with white light (method 1) and two from the changes caused by 
exposure to white light following, in one case partial and in the other total, 
removal of visual violet by a prior exposure to light of long wave-length 
(method 2). In Fig. 8B are a further five determinations. Two were obtained 
from the changes in density caused by bleaching solutions with light of short 
wave-length (method 4) and the remaining three from the changes following 
exposure to white or monochromatic light after an initial partial bleaching 
(method 3). In all cases the difference spectra were multiplied by suitable 
factors to bring the maxima to 100. Details of the experiments illustrated in 
Fig. 8A, B are given in Tables 7 and 8 respectively. 

Thus the results shown in Fig. 8 A were obtained by bleaching of the whole, 
and those in Fig. 8B by bleaching of only a part, of the total quantity of the 
red-insensitive component present in the solutions. 

The density changes from which the difference spectra of Fig. 8 were derived 
were subject to approximately the same absolute errors (standard deviation 
0-0012) as were those of the visual violet determinations (Figs. 5 and 6). 
The errors were, however, proportionately much greater, especially in those 
cases where only a fraction of the total quantity of red-insensitive component 
was bleached (Fig. 8B). The actual density changes at the maximum (Tables 7 
and 8) range from 0-056 to 0-026 in Fig. 8A and from 0-036 to 0-012 in Fig. 8B. 
A standard deviation of 0-0012 thus corresponds to 24-5 ordinate units in the 
former case and to 34-10 in the latter. In addition, the difference spectra are 
subject to errors of uncertain magnitude arising from any error in the visual 
violet corrections. Within experimental error, therefore, the results form 
individually homogeneous groups except at the short wave-length extreme of 
the spectrum where the scatter is larger than expected. : 

The mean curves of Fig. 8 are in precise agreement on the long wave-length 


side of the maximum, but there are minor differences both in the positions of 


the maxima and in the short wave-length limbs. Thus the curve of Fig. 8A has 
@ maximum at 469 mp. and crosses the axis at 408 my. while that of Fig. 8B 
has a maximum at 465 my. and crosses at 399 my. 

Examination of the experimental conditions revealed that when the experi- 
ments were of short duration a ‘narrow’ difference spectrum was obtained and 
conversely, when they were of long duration, a ‘broad’ one. The results shown 
in Fig. 8A were mainly of short duration (bleachings with white light) and 
those in Fig. 8B mainly of long duration (bleachings with monochromatic light). 
The spread of results within each group could in general be similarly connected 
with the time factor. 

Other observations, not reported here, indicated that these discrepancies were 
due to changes on ageing of the impurities (absorbing principally in the short 
wave extreme of the spectrum) and not to any lack of homogeneity of the 
ted-insensitive component. 
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maximum varying from 0-012 to 0-056 (Tables 7 and 8), Beer’s and Lambert’s 
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Fig. 8. Difference spectrum of the red-insensitive pigment. A, difference spectra obtained 
by complete bleaching of the red-insensitive component with white light; mean pH 8:3. 
@, extract 2 (a); 0, extract 2 (b); }, extract 5; A, extract 7; x, extract 10 (a); V7, extract Ext 
10 (b); +, extract 11; O, extract 12. B, difference spectra obtained by partial bleaching of | 
the red-insensitive pigment with white or monochromatic light; mean pH 8-6. A, extract 7; 8 
+, extract 8 (a); x, extract 8 (6); @, extract 11 (a); 7, extract 11 (5). 8 
The mean curve shown in Fig. 8A is thus a more reliable estimate of the ‘“ 
difference spectrum of the red-insensitive component than that of Fig. 8B 1 u 
though, as already mentioned, they are in precise agreement at the longer 
wave-lengths. 
From these experiments, therefore, the following conclusions are drawn: é 
(a) The red-insensitive component cannot be resolved by partial bleaching | with 
with light of various spectral compositions (‘white’, 430, 450 and 530 mz.). — m4 
It is therefore a homogeneous pigment. 7 pign 
(6) The spectral composition of the bleaching light is without effect on the § 
course of the bleaching. ; 
(c) Since the difference spectra of Fig. 8 are based on changes of density at the } Tab 


. 
a 
ag 
4 
x 
4 at 
4 
— 
3 
5. 
y 
a 
‘ 
an 
5 


VISUAL PIGMENT 467 277 


Taste 7, Details of bleaching experiments with tench extracts. In these experiments the total 
amount of red-insensitive pigment originally present in solution was bleached. See Fig. 8A 


Time Amount bleached{ 
of e A 
Ex to ‘white’ Red- 
Extract Date of previous to ight Visual insensitive 
no.* experiment experiment Methodt (min.) violet pigment 
2 16. v. 50(a) None A 10 0-061 0-031 
2 17. v. 60(b) None 20 0-065 0-037 
5 28. vi. 50 2 hr.A=610 mu. A 20 0-011 0-029 
7 21. ix. 50 None A 20 0-037 0-028 
10 11. x. 50(a) None A 1 0-090 0-032 
10 12. x. 50(b) 4} hr.A=610 mz.§ B 15}| Nil 0-026 
ll 1. xi. 50 None A 0-175 0-056 
12 9. i. 51 None A 20 0-129 0-045 


* Full details of the extracts, viz. dates of preparation and pH are given in Table 3. 

+ In method A the absorption spectra of the extract before and after bleaching were measured 
__ with reference to a similarly buffered digitonin solution; in method B the changes in absorption of 
: the extract were measured directly with reference to an identical but posed sample of theextract. 

t The amount of visual violet bleached as a result of the bleaching conditions set out in the 
preceding column is indicated by that change in density at 535 my. due to loss of visual violet; 
similarly, the amount of red-insensitive pigment bleached is indicated by that change in density 
at 469 my. due to loss of red-insensitive pigment. 

§ See Table 5 for details of preceding experiment on this solution. 

|| Just prior to exposure to ‘white’ light for 15 min. the solution had been exposed to mono- 
chromatic green light (530 my., wave-length range 517-543 my.) for 30 min. This caused very 
little change in density (see text). The last two columns give the total change due to green and white 
light. 


ee TaBLE 8. Details of bleaching experiments with tench extracts. In these experiments only a proportion of the 


the 
rt’s 


total amount of red-insensitive pigment originally present was bleached in any one experiment. See Fig. 8B 


Bleaching conditions Amount 
A bleached{ 
Mean- Total 
range isual sensitive 
no.* experiment to Methodt Duration (my.) (my.) ter violet pigment 
7 22. ix. 50 None A 2 hr. 450 441-459 Ilford 621 0024 0019 
8 27.ix.50(a) 2hr.A=610 A 1 hr. 530 4 15-5-5445 None 0012 0013 
8  27.ix.50(6) 2hr.A=610mp. A 15min. ‘White’ ill — 0008 0019 
and 1} br.\ = 
530 my.|| 
ll 2/8. xi. 50(a) None B 17 hr. 430 4225-4875 Ilford 601 0036 0-012 
ll 3. xi. 50(b) 17 br.A=430 wm B 30min, ‘White’ All _ 0-039 0-036 


600 my. 

* Full details of the extracts, viz. dates of preparation and pH are given in Table 3. 

+ In method A the absorption spectra of the extract before and after bleaching were measured with reference to 
a similarly buffered digitonin solution; in method B the changes in absorption of the extract were measured directly 
with reference to an identical but unexposed sample of the extract. 

t The amount of visual violet bleached as a result of the bleaching conditions set out in the preceding columns is 
indicated by that change in density at 535 my. due to loss of visual violet; similarly, the amount of red-insensitive 


7 pigment bleached is indicated by that change in density at 469 mp. due to loss of red-insensitive pigment. 


§ See Table 5 for details of preceding experiment on this solution. 

| See preceding experiment, this table. | 

{| For details of bleach with 430 myp., see preceding experiment, this table; for details of bleach with 600 my. see 
Table 5. 
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laws hold for the red-insensitive pigment over this fivefold concentration 
range, | 

(d) The difference spectrum of the red-insensitive pigment has a maximum 
between 469 and 465 my. and crosses the axis at between 408 and 399 my. 
in alkaline solution. The former figures are more reliable. 

(e) The increase in absorption at wave-lengths shorter than 408-399 my. 
which takes place on bleaching, indicates the formation of a photoproduct — 
analogous to the ‘indicator yellows’ of visual purple and visual violet. 


Experiments with acidified extracts of tench retinae 

The foregoing experiments were made on alkaline solutions. To ascertain 
whether the spectral absorption of the red-insensitive pigment was dependent 
on the hydrogen-ion concentration or, like visual purple, substantially inde- 
pendent of it (Lythgoe, 1937), experiments were carried out on tench extracts 
which had been acidified to a pH of 4:2. Some preliminary experiments 
(extract 9, pH 4:17) showed that at this pH the unexposed solutions were 
thermally unstable, a ual loss of density taking place in darkness. The 
products of bleaching formed on exposure of the solutions to light were even 
more unstable, a solution bleached by monochromatic light of wave-length 
610 mp. showing a fairly rapid loss of density in darkness maximal at 480- 
490 mp. (due to thermal fading of the acid form of the indicator substance). 

Owing to this thermal instability, particularly of bleached solutions, and to 
the proximity of the wave-length of maximum absorption (480-490 my.) of 
the acid indicator of visual violet to that of the red-insensitive pigment, the 
technique of preferential bleaching with monochromatic light, developed for 
stable alkaline solutions, was not suitable. It was accordingly decided to make 
a direct and timed comparison between the spectral absorption of unbleached | 
acid and alkaline solutions. 

An extract of tench retinae (extract 10) was therefore divided into two equal 
portions. One portion was,made alkaline (pH 8-66) by the addition of sodium 
borate solution and the other acid (pH 4-22) by the addition of exactly the 
same volume of potassium hydrogen phthalate solution (see Table 3). The 
accuracy of the dilution was checked by weighing. The times quoted in brackets 
in the following description were measured from the time of addition of the 
acid buffer. 

The two solutions were first centrifuged. Optical cell 14 was filled with 
alkaline solution and cell 11 with acid solution. The density of cell 11, using 
cell 14 as reference, was then measured (started at 30 min. ; finished at 90 min.). 
The density differences are shown as curve | of Fig. 9. After an interval the 
measurements were repeated and are shown as curve 2 (started at 168 min.; 
finished at 185 min.). 


Both cells were then exposed, under identical conditions, to ‘white’ light 


~ 
> 
is 
aa 


VISUAL PIGMENT 467 279 


for 10 min., after which the density differences between the bleached solutions 
were measured (curve 3, started 200 min., concluded 228 min. and curve 4, 
started 228 min., concluded 250 min.). 

The directions in which the observations were taken are indicated by the 
arrows. Curves 1-4 in Fig. 9 have all been corrected for the slight differences 
due to the cells themselves (ascertained by measuring the density of cell 11 
filled with digitonin solution plus acid buffer relative to that of cell 14 filled 
with digitonin solution plus alkaline buffer.) 
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Fig. 9. The difference in absorption of acid and alkaline tench extracts before and after bleaching 
with white light. Curve 1, before bleaching; curve 2, ditto (later measurements); curve 3 . 
after bleaching; curve 4, ditto (later measurements). The arrows indicate the order of taking 
observations. Extract 10: acid portion, pH 4-22; alkaline portion, pH 8-66. 


The density differences between the unbleached solutions are thus shown by 
curve 1 and, at a later period, by curve 2 of Fig. 9. As the alkaline solution was 
known to be thermally stable the difference between these two curves must be 


due to thermal instability of the acid solution. Since, therefore, the determina- 


tion of curve 1 was not commenced until 30 min. after the addition of the 
buffer solutions, the initial differences between the acid and alkaline solutions 


must have been even less than those indicated by curve 1. The + op ain 
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shown by curve 1 can thus be ascribed, at least in part, to the loss of visual 
pigments in acid solution by thermal decomposition during this interval. This 
interpretation is supported by the form of curve 1 (maximum at 490 my.) 
which is similar to the absorption spectrum of the unbleached solution itself. 
In spite of these considerations, however, there still appears to be a residual 
difference, most marked in the violet, between the solutions, the alkaline 
solution being denser than the acid. A similar effect was noted by Lythgoe in 
his study of the effects of pH on the absorption spectrum of extracts of visual 
purple (Lythgoe, 1937). He considered that the greater density of the alkaline 
solutions at short wave-lengths was due to a dependence on pH of the absorption 
by impurities. 
- The differences in spectral absorption between acid and alkaline solutions 
of tench retinal pigments are thus of a minor character and, moreover, are 


ascribable to the effects of pH on the absorption of impurities and to thermal | 


instability of the acid solution. The absorption spectra both of visual violet and 
of the red-insensitive pigment therefore are not markedly affected by pH. 

The differences between the bleached solutions (curves 3 and 4), on the other 
hand, are of a major character. The portions of these curves below the axis 
approximate to the absorption of the alkaline forms of the mixed indicator 
substances of visual violet and red-insensitive pigment and those above the 
axis to the acid forms of these substances. This dependence on pH of the 
absorption of the bleached solution recalls the similar behaviour of visual 
purple solutions (Lythgoe, 1937). 


The relatwe amounts of visual violet and red-insensitive pigment in ‘ihe 
The relation between the amounts of visual violet and of the red-insensitive 
_ pigment in the tench extracts may be expressed as the ratio of the pigment 
densities at their respective absorption maxima. In alkaline solution, this is 
closely approximated by the ratio of the respective maximum density losses 
occurring on bleaching. The data are shown in Table 9. 


TABLE 9 
Change in density at Anax, OD 
Visual Red- insensitive 
Extract violet pigment Ratio 
2 0-063 0-034 1-9 
7 0-037 0-028 13 
8 0-134 0-032 4-2 
10 0-090 0-032 2:8 
ll 0-175 0-056 3 1 
12 0-129 0-045 
Mean (excluding extract 7) 3-0 


The results for extract 7 are excluded, for in this case ne ol: were 
extracted only once with digitonin. 
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The variable proportions of the two pigments may be due to a number of 
causes. Since, for example, the whole retina was not always removed, any 
regional variations would affect the ratio. Again, the ease of extraction of the 
two pigments may not be equal, in which case the quantity of digitonin per 
retina used (see Table 3), would affect the relative yields. The extraction of 
pigments, moreover, was not always complete, some variation of efficiency in 
this respect being noted with the different samples of digitonin used. 

The mean result indicates that the approximate ratio of maximal densities of 
the two pigments is 3. Thus the extracts contained 3n times as much visual 
violet as of red-insensitive pigment, where n is the ratio of the extinction 
coefficient of the red-insensitive pigment to that of visual violet at their 
respective absorption maxima. 

DISCUSSION | 
“Dafference’ spectra 
When retinae are treated with stromalytic agents, pigments in addition to the 
desired visual pigments are extracted. Prior washing of the retinae will remove 
most, but not all, of these unwanted pigments. : 

The absorption due to these residual ‘impurities’ may be eliminated by . 
measuring the densities of the retinal extract with reference to the bleached 
extract. In earlier work (Kéttgen & Abelsdorff, 1896) and even as late as 1936 
(Bayliss e¢ al. 1936) it seems to have been believed that this procedure yielded 
the true absorption spectrum of the visual pigment. This would be true, only 
if the products of bleaching were colourless. This, indeed, was believed by 
Kottgen & Abelsdorff (1896) and Trendelenburg (1904), though the researches 
of Kiihne, confirmed by Garten (1906), indicated that the products of bleaching 
were yellow in colour. 

Lythgoe’s discovery that ‘indicator yellow’, the final bleaching product of 
visual purple, has an absorption spectrum dependent on pH (Lythgoe, 1937) 
explained the previous lack of agreement. The very pale yellow colour of 
alkaline bleached visual purple solutions had been overlooked or ascribed to 
impurities, while the deep yellow colour of acid bleached solutions was in 
conformity with the observations of Kiihne and Garten. 

Since workers prior to Lythgoe did not control the pH of their solutions, 
the interpretation of some of the earlier work is difficult and, to this extent, 
Wald’s strictures on ‘difference spectra’ are justified (Wald, 1938, 1949). Wald 
has presented a large proportion of his results in the form of absorption spectra 
of whole retinal extracts, i.e. spectra measured with reference to a solution of 
digitonin. Such spectra, while approximating more or less to the true absorption 
spectra of the visual pigments, include absorption due to variable amounts and 
kinds of impurities. A strict comparison of results between different species 
and even between different extracts from the same species is thus impossible. 
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The present investigation has shown that, under suitably standardized 
conditions, ‘difference’ spectra are accurately reproducible and, through 
elimination of the effects of absorption by impurities, afford a means of com- 
paring results from different species with a high degree of precision. 

In the work described in this paper conditions were standardized for the 
majority of the experiments at a pH of 8-5 and a temperature of 20-0° C. 
Since the times of exposure for bleaching the retinal extracts varied between 
15 min. and 17 hr., the transient stage of the bleaching process (Lythgoe, 1937; 
Lythgoe & Quilliam, 1938; Wald, 1939) had passed to the stable ‘indicator’ 
stage before the measurements on the bleached solutions were begun. This was 
confirmed by the stability of absorption of bleached solutions during measure- 
ment over prolonged periods. | 

Thus the measurements of absorption spectra in this investigation were made 
either on stable unbleached solutions or on bleached solutions at the stable 
‘indicator’ stage or, of course, on partly bleached solutions in which the 
bleached moiety had reached the stable ‘indicator’ stage. In consequence 
all ‘difference’ spectra are differences between the absorption spectrum of 
the visual pigment and that of the indicator substance (alkaline form). Under 
the conditions chosen the absorption spectrum of the indicator substance is 
furthest removed from that of the parent pigment. Consequently, in the 
‘alkaline’ difference spectrum mutual distortion of the two spectra is 
reduced to a minimum; the ‘positive’ portion approximating to the true 
spectrum of the visual pigment and the ‘negative’ portion to that of the 
indicator substance. — 


The wave-length of maximum absorption for visual violet 

K6éttgen & Abelsdorff (1896) found that the maximum of absorption of visual 
violet was at 535-540 my. Wald (1949) has criticized this figure as an artifact due 
to their measurement of difference spectra, viz. the difference in absorption 
between unbleached and bleached solutions. The A,,,, of a difference spectrum 
is displaced towards longer wave-lengths compared with that of the visual 
pigment but, except in strongly acid solutions, the amount of displacement is 
small. Thus Lythgoe (1937) has shown that even at pH 6-1 the A, of the 
difference spectrum for visual purple is 506 my., only 4 mp. from the true 
position (502 my.) while at pH’s of 8 or more the displacement is negligible. 

Wald states (1949) that the true absorption maximum of visual violet is at 
522 +2 muy., this being the absorption maximum of his extracts with reference 
to a digitonin solution. The presence of yellow impurities, which absorb more 
strongly as the short wave-length end of the spectrum is approached, has the 
effect of displacing the A,,,, of an extract to shorter wave-lengths. Except in 
highly purified solutions the amount of displacement is likely to be serious. 
Unpurified extracts of visual purple, for example, may have an absorption 
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maximum at 490 my., 12 mp. below the absorption maximum of pure visual 
purple, Wald’s estimate of 522 my. for visual violet could, likewise, be influenced 
by the presence in his extracts of yellow impurities. | 

Lower and upper limits to the true absorption maximum of a visual pigment 
are thus given by the absorption maxima of the extract itself and of its 
difference spectrum respectively. From the results for pike (Figs. 3 and 6) these 
limits for visual violet are 530 and 535 my. The true absorption maximum for 
visual violet is probably nearer the latter figure, say at 533+2 my. 


The red-insensitive pigment of the tench 

Wave-length of maximum absorption. Difference spectra of the red-insensitive 
pigment found, in addition to visual violet, in the tench retina are shown in 
Fig. 8. The mean position of the maximum for the A-group of results is 469 my., 
while that for the B-group is 466 my. Of these, the former is more reliable. 

The displacement of the A,,,, of a difference spectrum, by comparison with 
that of the parent pigment, is about 2 mu. for visual purple in alkaline solution. 
Assuming a similar displacement in the present instance, the true absorption 
maximum of the red-insensitive pigment is at 467 my., the error probably 


being within +3 my. Thus the maximum, 475+5 my., previously reported 


(Dartnall, 1950), was slightly high. 

Independence. The claim, first advanced in a previous note (Dartnall, 1950), 
that the red-insensitive pigment of the tench retina is a visual pigment (‘visual 
red’) has been criticized by Collins & Morton (1951). These authors describe an 
experiment with a solution of rhodopsin (i.e. visual purple) prepared from 
isolated rods of cattle retinae. This solution was 80-90 % bleached with white 
light (60 W. lamp) and its absorption spectrum then measured. Completion 
of the bleaching with white light then resulted in a further loss of density, 
maximal at 480 my. This latter they regard as due to the fading of mixture of 
transient orange, acid indicator yellow and iso-rhodopsin (i.e. regenerated 
visual purple). They state that this experiment shows that the red-insensitive 
pigment of the tench ‘has a doubtful and inferential existence’. 

Since transient orange, acid indicator yellow and regenerated visual purple 
are derivatives of visual purple, a pigment not present in the tench extracts, 
it is assumed that Collins & Morton intend their experiment to imply the 
possibility of a parallel phenomenon in visual violet solutions. 

The red-insensitive pigment cannot, however, be the acid indicator of visual 
violet since the experiments were carried out in alkaline solution; neither can 
it be the ‘transient’ of visual violet since this is thermally unstable (Wald, 
1939), nor can it be regenerated visual violet because regeneration was not 
observed, the bleached solutions being thermally stable. 

The larger issue, that is the independence or otherwise of the red-insensitive 
pigment appears to be settled in favour of independence by the following. The 
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‘positive’ and ‘negative’ portions of a difference spectrum are approximations 
to the true absorption spectra of the parent pigment and of its product of 
bleaching respectively. If the red-insensitive pigment were merely the product 
of bleaching of visual violet, then the negative portion of the difference spectrum 
should have a maximum in the region of 467 my., not at 405 my. as is the case 
(Figs. 5 and 6). If the mutual distortion, due to proximity of the maxima 533 my. 
for visual violet and 467 my. for the red-insensitive pigment, were, however, 
sufficiently great to give a maximum for the ‘negative’ portion of the difference 
spectrum at 405 my. then this same distortion would result in a maximum for 
the ‘positive’ portion at about 590 my., instead of at 535 mp. (Figs. 5 and 6). 
Additional evidence for the independence of the red-insensitive pigment is 
afforded by the shapes of the absorption spectra of unbleached extracts of 
tench retinae (example, Fig. 3) which indicated the presence of this pigment 
in the unexposed solutions and also by the absence of the red-insensitive 
pigment from the pike extract which contained only visual violet, identical 
with that of tench. 

Comparison with known visual pigments. The extraction of the red-insensitive 
pigment from tench retinae requires the use of a stromalytic agent, viz. 
digitonin; for example it does not pass into solution on treating the retinae 
with acid buffer solutions, a process which removes much other absorbing 
material. It is stable in the dark but bleaches on absorption of light, its 
photosensitivity being comparable with that of visual violet. Its absorption 
spectrum is not materially affected by pH (between pH 4-2 and 8-7). Its 
products of bleaching have a greater absorption at the short wave-length 
extreme of the spectrum than the parent pigment. In these respects the red- 
insensitive pigment resembles the known visual pigments. 

Fig. 10 shows the difference spectra of iodopsin (Wald, 1937), visual violet, 
visual purple and the red-insensitive pigment of the tench. The iodopsin curve 
is from Bliss (1946); the visual violet curve represents the mean of the results 
shown in Fig. 5; the visual purple curve is from Lythgoe (1937), and the red- 
insensitive pigment curve from Fig. 8A. 

The main feature of the comparison is the broadening of the spectra as their 
location advances towards longer wave-lengths. In Fig. 10 the difference 
spectra have been plotted with wave-length abscissae. With frequency abscissae, 
for which there is a theoretical basis (Stiles, 1948), the four difference spectra 
are nearly identical in shape. This is shown in Fig. 11 in which the difference 
spectra, plotted with a frequency scale, have been shifted along the axis of 
abscissae so that their maxima correspond. The figure shows that the portions 
of the difference spectra above the ‘base-line’ are effectively superimposable. 
The agreement in shape cannot, however, be regarded as proof of the homo- 
geneity of iodopsin, since certain combinations of the difference spectra of 
contiguous visual pigments yield curves which are of similar shape. 
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The agreement in shape between the upper portions of the difference spectra 
indicates that the absorption spectra of the pigments themselves are identical 
in shape on @ frequency basis. In consequence, a knowledge of the true 
absorption spectrum of one pigment would make it possible to calculate the 
absorption spectra of the others. 
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Fig. 10. Comparison of the difference spectra (wave-length abscissae) of the known visual pigments. 
@, the red-insensitive pigment at pH 8-3 (mean of results in Fig. 8A); +, visual purple at 
pH 8-5 (Lythgoe, 1937); O, visual violet at pH 8-6 (mean of results in Fig. 5); x, iodopsin, 
pH not recorded (Bliss, 1946). 


These comparisons indicate that the red-insensitive pigment and probably 
iodopsin also, form, with visual purple and visual violet, a series of chemically 
related compounds. It is possible that the chromophore parts of the molecules 
are successive members of a homologous series. It has, in fact, already been 
suggested that the visual purple and visual violet chromophores are based 
respectively on vitamin A, and vitamin A, (Wald, 1939, 1949). 
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Fig. 11. Comparison of the difference spectra (frequency abscissae) of the known visual pigments. 
The spectra have been shifted along the axis of abscissae so that their maxima coincide with 
that of the red-insensitive pigment. Wave-lengths appropriate to each pigment are also shown. 

@, the red-insensitive pigment; +, visual purple; ©, visual violet; x , iodopsin. 
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For the same reasons the red-insensitive pigment is considered to be a visual 
pigment. Proof of this must, however, await the demonstration of retinal or 
behavioural activity in the tench in conformity with the presence of this 
substance in its retina. Unfortunately, Granit’s micro-electrode studies of this 
animal in the light-adapted state were not carried below 500 my. (Granit, 1941). 
He has, however, recorded activity of the frog’s retina in this spectral region 
and the sensitivity/wave-length curve found (Granit, 1943) is in fair agreement, 
both as regards shape and position of maximum, with that for the red-insensi- 
tive pigment. | 7 

Nomenclature 

The term ‘visual purple’ is an equivocal translation of ‘Sehpurpur’ (Wald, 
1949). Solutions of visual purple as ordinarily prepared are red. This, however, 
may be due to the presence of yellow impurities which would reduce the intensity 
of blue light otherwise transmitted. Lythgoe’s solutions, which were nearly 
free from absorbing impurities, had a ‘purple tint’ (Lythgoe, 1937). 

- The term “Sehpurpur’ was also used to describe the pigment with A... = 
535-540 my. (visual violet) (K6éttgen & Abelsdorff, 1896). This lead was 
continued by Bayliss et al. (1936) who designated as varieties of visual purple 
the pigments with A,,,, ranging from 500 to 540 my. they found in various fish. 
Wald’s work indicates that intermediate absorption spectra are due to mixtures 
of visual purple and visual violet, but this has not been proved, and it is possible 
that visual pigments exist between visual purple and visual violet. 

There are thus two English nomenclatures. In one the terms ‘visual purple’ 
and ‘visual violet’ are used to describe the pigments with A,,,, =502 mp. and 
Anax. = 533 my. respectively, leaving no provision for the naming of possible 
intermediate pigments; in the other ‘visual purple’ is used as an unspecific 
name for all these pigments, the term ‘visual violet’ remaining for the descrip- 
tion of the pigment with A... =560—570 mp. (‘iodopsin’). | 

The American nomenclature is based on Kiihne’s other name for visual 
purple, ‘rhodopsin’. Visual violet is called ‘porphyrhopsin’ and the pigment 
from chicken retinae ‘iodopsin’. As in the English nomenclature, little scope 
is left for the naming of new pigments. 

The difficulty in choosing a name for the red-insensitive pigment of tench 
emphasizes the shortcomings of existing systems of nomenclature. When 
proposing the name ‘visual red’ for this pigment (Dartnall, 1950) the author 
had been influenced by the naming of the contiguous pigment, visual purple, 
and by the necessity for reserving the colours, orange and yellow, to describe 
hypothetical pigments with absorption maxima located at even shorter wave- 
lengths. The new pigment is orange or possibly even yellow. In any case 
‘visual red’ is not an acceptable name, ‘sehrot’ having once been used for 
visual purple and ‘visual red’ for a carotenoid derivative, not visually significant 
obtained from cattle retinae (Krause, 1946). 
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The English and American systems of nomenclature are both based on 
a description of the colour of the pigments. However, the absorption spectra 
of these are not accurately known on the short wave-length sides and hence the 
pigment colours are not known with certainty. Moreover, the visual pigments 
are probably dichroic, in which case their colour would depend on concentration. 
Another difficulty is that pigments with intermediate spectra, which the 
future may reveal, would require the use of hybrid colour names. Finally, the 
visual pigments have colour names roughly complementary to those of the 
spectral regions in which they absorb most strongly, i.e. in which their physio- 
logical activity is greatest. This will lead to anomalies when the visual pigments 
are related with visual functions. For these reasons the colour basis is un- 
satisfactory. 

The close agreement between the absorption spectra of visual purple and 
visual violet and the relevant, scotopic sensitivity curves indicates that the 
absorption spectra of the visual pigments in aqueous solution are close to, if not 
identical with, their absorption spectra in vivo. It is therefore proposed that the 
wave-length of maximum absorption should be the basis for naming the visual 
pigments. On this basis, iodopsin is ‘visual pigment 565’; visual violet 
(porphyrhopsin), ‘visual pigment 533’; visual purple (rhodopsin), ‘visual 
pigment 502’ and the red insensitive pigment of the tench, ‘visual pigment 467 ’. 


SUMMARY 

1, Aqueous digitonin extracts of dark-adapted tench retinae contain two 
light-sensitive components; one of these may be bleached with light of long 
wave-length without affecting the other. 

2. The red-sensitive component (A,,,, =533 my.) is visual violet. This 
pigment is homogeneous and obeys Beer’s and Lambert’s laws of light 
absorption. 

3. The red-insensitive component (An, = 467 my.) is likewise a homogeneous 
pigment, also obeying Beer’s and Lambert’s laws. 

4. The difference spectrum of the red-insensitive pigment and the difference 
spectra of visual purple, visual violet and iodopsin are nearly identical in 
shape when plotted with frequency abscissae. In a number of other respects 
the properties of the red-insensitive pigment resemble those of the known 
visual pigments. 

5. The shortcomings of existing nomenclatures for the visual pigments are 
discussed, and a new nomenclature system based on the wave-length of 
maximum absorption proposed. In this system iodopsin is visual pigment 565; 
visual violet (porphyrhopsin), visual pigment 533; visual purple (rhodopsin), 


visual pigment 502, and the new, red insensitive pigment of the tench, visual 
pigment 467. 


a 
. 
4 
ag 
Br. 
‘ 
> 
4 
fy. 
a 
a] 
ag 
a 
4 


- 


VISUAL PIGMENT 467 289 


I wish to thank Mr G. R. Wright for assistance in building electrical apparatus, Mr N. A. L. 
Roberts for designing and making the absorption cell holder, Mr D. F. Leney for supplying the 
tench and Mr A. F. Huxley and Dr L. C. Thomson for critically reading the typescript of this paper. 


REFERENCES 


Barnet, C. H. (1951). J. Anat., Lond., 85, 113. 

Bayliss, L. E., Lythgoe, R. J. & Tansley, K. (1936). Proc. Roy. Soc. B, 120, 95. 

Bliss, A. F. (1946). J. gen. Physiol. 29, 277. 

Collins, F. D. & Morton, R. A. (1951). Nature, Lond., 167, 673. 

Dartnall, H. J. A. (1950). Nature, Lond., 166, 207. 

Garten, 8. (1906). v. Graefes Arch. Ophthal. 68, 1. 

Granit, R. (1941). Acta physiol. scand. 2, 334. 

Granit, R. (1943). Nature, Lond., 151, 11. 

Kéttgen, E. & Abelsdorff, G. (1896). Z. Psychol. Physiol. Sinnesorg. 12, 161. 

Krause, A. C. (1946). Amer. J. Physiol. 145, 561. 

Lythgoe, R. J. (1937). J. Physiol. 88, 331. 

Lythgoe, R. J. & Quilliam, J. P. (1938). J. Physiol. 94, 399. 

Stiles, W. 8. (1948). T'ransactions of the Optical Convention of the Worshipful Company 
of Spectacle Makers, London, Apothecaries Hall. 

Tansley, K. (1931). J. Physiol. 71, 442. 

Trendelenburg, W. (1904). Z. Psychol. Physiol. Sinnesorg. 37, 1. 

Wald, G. (1937a). Nature, Lond., 139, 1017. | 

Wald, G. (19376). Nature, Lond., 140, 545. 

Wald, G. (1938). J. gen. Physiol. 21, 795. 

Wald, G. (1939). J. gen. Physiol. 22, 775. 

Wald, G. (1949). Docum. ophthal. 3, 94. 


“ 
n 
8 
8 
“as 
3 
t a 
| 
if 
f 4 
] 
i 
“ 


290 


J. Physiol. (1952) 116, 290-306 


EYE MOVEMENTS DURING FIXATION 


By H. B. BARLOW 
From the Physiological Laboratory, University of Cambridge 
(Received 24 August 1951) 


The literature on human eye movements has been reviewed and summarized 
by Duke-Elder (1932) and Carmichael & Dearborn (1948); there is general 
agreement that the most usual type of movement is a rapid jerk, followed by 
a period of 0-1-0-3 sec during which the eye is relatively stationary, and ter- — 
minated by another quick movement bringing the eye to a new fixation posi- 
tion. These fixational pauses separated by saccadic movements have led very 
naturally to a concept that the eye behaves like a camera taking a series of 
snapshots, the image being held still on the retina for periods of 0-2 sec or 
longer. Some reports suggest, however, that the eye is moving during the 
fixational pauses. If the retina behaved like a photographic plate, integrating 
intensity of light at a point with time, such movements would clearly ‘blur’ 
the image before it was transmitted to the brain. It has, on the other hand, 
been suggested (Marshall & Talbot, 1942) that movements, such as those 
described by Adler & Fliegelman (1934), occurring within a fixational pause, 
are functionally important and modify the information which the retina 
extracts from the image falling on it. Hartline (1938) found that many of the 
frog’s optic nerve fibres only discharged when the illumination of their 
receptive fields was changed. A small eye movement would shift the image over 
the retina and change the illumination of all receptive fields covering part of 
the image which was not completely homogeneous. The corresponding nerve 
fibres would discharge, and this might form a basis for explaining the accen- 
tuation of contours and simultaneous contrast which are normally thought to 
be brought about centrally. It was hoped that a re-examination of eye move- 
ments might help to decide between the concept of the retina taking a series 
of snapshots, and the concept of continuous scanning. 

Various methods have been used to measure and record eye movements. 
None of them appeared to fulfil all the requirements of this investigation and 
a new method was developed: the movements in one direction of a small 
droplet of mercury sticking to the cornea were photographed through a micro- 
scope on a moving film. The main conclusions drawn from these records were 
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confirmed by a method of measuring eye movements by observing the 


after-image resulting from two successive exposures of a bright test 
object. 


METHOD 


A method was sought that would detect the movement needed to shift the image across the retina 
by the distance separating two cones at the fovea. Hartridge (1947) summarized the literature on 
the size of the cones, and concluded that this distance subtended about 40” of arc at the posterior 
nodal point. The method must also be capable of recording oscillations occurring at 50/sec or _ 
more, since Adler & Fliegelman (1934) have reported such movements. The normal condition of 
the eye should be interfered with as little as possible. 

The principle of the method used here is that a small droplet of mercury is placed on the cornea, 
and the image of a small light formed in the droplet is photographed through a microscope on 
a moving film. Movements of translation of the droplet in one direction are recorded; to calculate 
movement of the image over the retina it is necessary that the centre of rotation should be sta- 
tionary, and this necessitates keeping the head as still as possible. This was done by having the 
subject lying supine with his head resting on a stone slab let into the wall. A rigid iron frame 
fitted round the head, and wedges were driven in on one side. The head was thus fixed between 
the wedges and the frame at the sides, and was resting on the stone slab. In addition the teeth 
were fixed by a dental impression in gutta percha which was clamped to a crossbar of the frame. 
This arrangement never stopped all movements of the head, but in the best cases there remained _ 
only a slight movement with each heart beat. These movements were recorded at the beginning and 
end of each experiment by photographing a droplet placed on the forehead or on the bridge of the 
nose; it is possible that these records overestimate the movements, since contraction of the facial 
musculature could move the droplet. 


Fig. 1. Diagram of recording apparatus. A, lamp; B, objective; C, mercury droplet; 
D, mirror; EH, film; F, eyepiece; G, cylindrical lens. 


Droplets of mercury about 0-1 mm in diameter were placed on the edge of the cornea by gently 
blowing them out of a piece of capillary tube held close to the eye. The subject held his eyelids 
open to prevent involuntary blinking, and felt nothing when the droplet was successfully placed. 
Lacrimation and a strong desire to blink usually ended the run in 3-5 min. 

Fig. 1 shows the principle of the optical arrangement. A is a small ophthalmoscope lamp run 
at just sufficient current to expose the film adequately. It caused a rather unpleasant glare for 
the subject, but was seen in the periphery of the field of view. The microscope objective B is 
focused on the image of A in the spherical surface of the mercury droplet C. The mirror D enables 
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the operator to find and focus the image of the droplet using the eyepiece F, The film ¥ is so placed 
that the image falls accurately upon it when the mirror is swung aside for recording. The cylindrical | 
lens G has its conjugate foci on the film and on a 3 mm slit placed at the backstop of the objective B. 
Movements of the spot of light in the plane of the paper are not affected by the cylindrical lens, | 
whilst movements in the direction of motion of the film (normal to the diagram) are eliminated 

The film moved continuously at 25 mm/sec, and the image was photographed at a magnification 

Xe 

image of a small bulb sharply focused on a ground glass screen lying 70 cm from the eye. The 
intensity was adjusted so that it could be seen clearly, but was not uncomfortably bright. About 
1-14 min elapsed between putting the droplet on the eye and starting to record. The droplet was 
usually wiped off by blinking within 4 min of being placed. Most subjects did not complain of 
undue discomfort in preventing blinking for this period, but some had great difficulty, and these 
were discarded. 

Calibration. The apparatus was calibrated by moving the fixation point through a distance 
subtending a known angle at the eye. The record consisted of a series of steps as in Fig. 2. The 
upper record of each pair is taken from the droplet on the eye, the lower from a droplet on the 
forehead. Since small eye movements occurred within the period when the fixation point was in 
one position, the final fixation position of the eye was always used, and the distance across the 
film for each of a number of steps was measured. The interval between the two fixation points 
subtended 87’ at the eye, and the size of the jumps, together with their standard deviations, are 
given in Table 1. Since the calibrations done on different subjects only varied by a small amount, 
9-3’/mm was used subsequently for all subjects. A deflexion of the eye of 1’ caused a 0-107 mm 
movement on the film, and this could be measured quite easily when the film was projected at 10 x 
enlargement. The film moved fast enough to record oscillations at a frequency well above 50/sec. 

The method has adequat itivity, accuracy and recording speed. There are four disadvantages 


Fig. 2. Tracings of calibration records of two subjects. The upper record of each pair shows the 
movement of the eye when the fixation point is moved a distance subtending 87’. The lower 
record shows amount of head movement in the same subject, same run, but not simultaneous 
with eye record. Time scale, 1 sec. 
TasLx 1. Calibration by moving the fixation point through 87’ and measuring the 
movement of the trace on the record 
Mean movement Standard 


No. of ste on film deviation of steps 
Subject (mm) (mm) 
R.M. 18 8-7 0-9 
E.N.W. 23 9-0 0-7 
LB. 12 9-3 0-6 
M.P. 26 10-1 10 
All subjects 79 9-34 1-04 
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which remain: (i) Ma¥ements of the eye of the same type as the residual head movements are 
difficult to detect; (ii) the subject has to restrain blinking for periods of about 4 min; (iii) the 
subject’s eye is brightly illuminated from the side, causing a rather unpleasant glare; (iv) the 
image has a tendency to go out of focus and thus parts of each run are missed. 

The analysis of the record was done by projecting at a magnification of 10 x , making the total 
magnification 350 x , and measuring the position to within 0-19’ of arc (0-2 mm on the enlargement) 
at intervals of 4 msec (1 mm on enlargement). 


RESULTS 


Gross features of the records 


Fig. 3 shows a tracing of a record of the eye movements with a portion of head 
movement record for comparison. The subject was attempting to fixate a small, 
sharply focused spot of light. It will be seen that the head-movement record 
is almost a straight line, indicating that the head was well fixed. There is, how- 
ever, a slight movement with each heart-beat. and this is shown in Fig. 4, 
where the record has been enlarged. By comparison the eye record shows 
various types of displacement, and examples of these types of eye movement. 


Fig. 3. Tracings of records taken during attempts at steady fixation. (a) eye, blinks; (b) eye 
small saccadic movement; (c) head. L shows 100’ of arc and 1 sec. of time. 


Fig. 4. Parts of the original record of Fig. 3 enlarged. (a) eye, blink; (b) eye, saccadic movement 
through 9’ arc; (c) head, wobble synchronous with pulse at the beginning of the record. 

L shows 20’ (arc) and 0-2 sec (time). 
PH, CXVI. 19 
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are also shown enlarged in Fig. 4. The large, slow, spike-like displacement 
occurs when the subject attempts to blink. This was shown by observing the 
subject’s eye, and marking the film whenever a blink was attempted. The 
smaller, quicker, step-like displacements are similar to the well-known saccadic 
movements. The record between the blinks and saccadic movements is almost 
as smooth and straight as the head record, indicating that the eye is moving 
little during these periods. 

In many of the early experiments where the subject was attempting pro- 
longed accurate fixation on a small point, records similar to Fig. 9 (a) were 
obtained. The conditions where they appear were never fully elucidated, but 
they occurred much less often in later experiments. By this time the subjects 
had become accustomed to the procedure, the experiments themselves had 
been made less uncomfortable, and recording was confined to the period from 
1 to 4 min after placing the droplet. Some subjects never gave records of this 
type, and even those who did in the early experiments failed to do so when 
experiments were done to determine the conditions under which they appear. 
Only when the subject had been fixating continuously for 3 or 4 min without 
blinking were records approaching this degree of irregularity obtained. All 
that can be said then is that they occurred in some subjects after prolonged 
attempts at accurate fixation with restraint of blinking. 


Saccadic movements 
The rapid movements in Figs. 3 and 4 must be genuine movements of the 
eye in its socket, and are similar to those described in the literature as saccadic 
movements, but of smaller amplitude. The duration of each twitch is about 
0-04 sec, and it varies surprisingly little with the size of the movement. Fig. 5 
shows several examples of these saccadic movements from different subjects 
performing different tasks. Both the amplitude and frequency of the move- 


Fig. 5. Tracings of records showing saccadic movements in various subjects performing various 
tasks. (a) I.B. Two-point discrimination. (b) M.P. Attempting to fixate exactly on fixation 
mark. (c) E.N.W. Looking at a photograph which was revealed at the arrow. L shows 100’ 
(arc) and 1 sec (time). The heads were well fixed in all these runs. 
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ments vary. Attempts were made to correlate these variations with changes 
in the fixation mark, but they were not successful. Fixation on a small red 
point on a black background, a black point on a white ground, a cross on a 
white ground, and even a specified part of a photograph all gave approximately 
the same pattern of movements. Fixation on a point so placed that extreme 
upward deviation of the eyes was required impaired the steadiness of the 
fixational pauses slightly, but the pattern of saccadic movements was hardly 
affected. 

It was noticed, however, that a change to a new fixation point was almost 
invariably accompanied by an increase in the frequency of the saccadic move- 
ments. A new type of fixation point was perhaps most effective, but changing 
the position also evoked a fresh outburst of movements. The rapidity with 
which the frequency of movements declined was extremely variable, but after 
30 or 40 sec continuous ‘fixation’ on a small point there might be periods as 
long as 5 sec without any rapid jerking movements. It might be suggested 
that these movements are adjustments in the position of the eye which are 
made less frequently as the eye becomes more accurately fixed on the target. 
This is not likely, because, although the saccadic movements become less" 
frequent, irregular wobbles and attempts to blink become more frequent. 
Furthermore, all that it is possible to see of these simple fixation points is seen 
within the first few seconds, during the period of greatest saccadic activity; 
if ‘accurate fixation’, judged subjectively, occurs later, it is of little physio- 
logical interest, for it does not then correspond to the period when information 
is being extracted from the retinal image most effectively. 

It was thought that the interest of the subject in the task he was asked to 
perform might be an important factor determining the frequency of move- 
ments. Fixating a small light is, to most people, a dull and tedious procedure ; 
it is extraordinarily difficult to maintain one’s attention on the task for any 
length of time. The reduction in number of saccadic movements might be 
connected with this withdrawal of attention. This concept accounts, in a 
general way, for the variation in frequency. As soon as the visual task is 
changed, saccadic movements appear more frequently. Changing the fixation 
point as in Fig. 2 is one example. Placing a second point of light close to the 
fixation point, and asking if they can be resolved, is another (Fig. 5 (a)). 
Asking the subject to indicate, by pressing a bellpush, when he is satisfied that 
fixation is accurate, is another (Fig. 5 (b)). Tasks which capture the attention, 
such as showing a photograph, immediately produce a burst of saccadic 
movements (Fig. 5 (c)). They are also known to occur during reading. On the 
other hand, they occur less frequently when the attention is withdrawn from 
the visual field. In Fig. 6 the subject was looking at a photograph. At the 
second arrow he was asked to perform mental arithmetic, and at the third 


arrow he had got the answer. During the period during which his attention 
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was on the mental arithmetic it was, presumably, withdrawn from the visual 
field, and there was a striking reduction in the saccadic movements. In other 
subjects this effect was not so marked, but it was usually detectable. On the 
other hand, some: subjects were undoubtedly able to inhibit the movements, 
for a few seconds at least, by making a strong effort to fix on a point in the 
visual field. 

To summarize, the saccadic movements tend to occur whenever the eye is 
in use; they occur less frequently both when an attempt is made to keep the 
eye on a point, and when attention is withdrawn from the visual field. They 
occur more frequently whenever a change is made in the visual task demanded 
of the subject. 


Fig. 6. Withdrawal of visual attention. Tracings from a record using corneal reflex method. No 
time interval between the lines. (a) Photograph revealed; (b) subject told to multiply 
14 x 12 in his head; (c) subject signals that calculation is completed. Head was well fixed. 
L shows 300’ (arc) and 1 sec (time). 

Fizational pauses 

The periods between saccadic movements are known as fixational pauses. 

Inspection of the records shows that the eye is not always stationary, but 

the steadiest pauses show little more movement of the eye than of the head. 

Fig. 7 shows an analysis of four periods of 0-4 sec duration from four different 


measured at intervals, as described previously. Two of the records are shown 
in Fig. 8. Fig. 7 represents frequency distribution diagrams for the positions 
of (a) the eye, (b) the head; the zero point is the mean of the 100 measurements 


indication of the amount of movement of the mercury droplet on the eye or 
on the head during the period of measurement. 

_ Clearly the movement of the head will also move the eye if this stays still 

relative to the head, but it is probable that the head is rotating about an axis 

much farther from the droplet than the axis of rotation of the eye. The range 

of movement of the eye indicated in these diagrams is therefore likely to be 


which moves the image over the retina. It will be seen that even the measured 
movement is very small; if the retina was replaced by a photographic plate, 


subjects. A steady period was found in the record and the position of the trace . 


of position used to make each figure. The breadth of these diagrams gives an 


an overestimate of the actual rotation of the eye, and it is clearly rotation 
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the blurring of the image in this ‘exposure’ of 0-4 sec would be of the same 
order as that caused by diffraction and chromatic aberration in the lens. For 
about 65 % of the time, the image is displaced by less than half a cone’s breadth 
in either direction. — | 


sf Eyes Heads 
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40— 
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0 
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Deviation from mean (minutes of arc) 

Fig. 7. Diagrams showing frequency of occurrence of various deviations from mean position for 
eye and head in four subjects. 100 measurements at 0-004 sec intervals for each diagram. 
Mean position is zero on abscissa. | 

An attempt to correct for head movements was made by measuring the 
variance of the head and eye records. The figure for the eye record represents the 
sum of the variance of head alone and eye alone, and the variance for the eye 
alone can therefore be estimated by subtracting the head record variance from 
the eye record variance. This correction depends on the assumption that the 
eye movements are independent of head movements under the conditions 
considered. It reduces the estimate of the root mean square of the deviations 
from the mean from 0-37’ to 0-25’. 

The above results show that the eye is capable of keeping very still. They 
do not show that it does keep still within a fixational pause under ordinary 
conditions of use. Many of the fixational pauses show far more movement; 
Fig. 9 shows records of three types of movement within a fixational pause. 
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Fig. 8, Records showing steady fixational pauses enlarged 3:75 x. (a) D.G. Fixating. (6) I.M. 
Fixating. (c) I.B. Two-point discrimination. (d) E.N.W. Looking at photograph. Upper 
record in each pair is from the eye, lower from head. L shows 10’ (arc) and 0-1 sec (time). 


Fig. 9. Tracings of enlarged records showing movements within a fixational pause. (a) R.D. 
Continuous drifts. (6) D.G. Rapid vibration. (c) E.N.W. Slow irregular wobble. Heads 
were well fixed in each case. L shows 10’ (arc) and 0-1 sec (time) for each record. 


Steady drifts were frequently found after a big saccadic movement, and were 
usually in the direction opposite to that of the preceding saccadic movement. 
The rapid vibrations were seen on three separate occasions in one subject, but 
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were rarely of comparable amplitude in other subjects. Even in this subject 
they were not constantly present (compare Fig. 8 (a)). Slow oscillations have 


already been mentioned. 


An attempt was made to see if these movements occurred while the subject 
was performing various tasks. Unfortunately the droplet almost invariably 
went out of focus under these conditions; possibly the increase in saccadic 
movements resulted in an increase in the tension of all the rectus muscles, thus 
pulling the eye farther into the orbit. Furthermore, visual acuity seemed to be 
uniformly poor under these conditions, presumably because the subject was 
not comfortable, and was not allowed to blink freely. For these reasons the 
results of these experiments were not satisfactory, but Fig. 8 shows two fixa- 
tional pauses which are very still, taken while looking at a small photograph 
and while resolving two points of light subtending 3-5’. © 

_ It will be observed, however, that the eye moves considerably for the first — 
few hundredths of a second in all the fixational pauses, and this must be borne 
in mind when considering the probable responses of the more rapidly acting 


thways. 
Scatter of fixation positions 
Although the eye is held remarkably steady during a fixational pause, it is 
quite clear that the fixation position tends to be different for successive 
fixational pauses. This appears to be so even when the subject is asked to 
fixate a small point, and when he thinks that he is doing so successfully. The — 
extent of this shift in position has been estimated in a number of ways. 


_ Consider first the original calibration of the apparatus, where a small fixation 


point was moved through a measured distance, and the distance the mercury 
droplet moved was measured on the film. This distance was found to vary 
considerably. This may be attributed to the scatter of fixation positions; the 
image of the fixation point was not returned to the same place on the retina 
when the eye followed the fixation point across the field of view. An estimate 
of the amount of scatter can be made from the figures in Table 1. Using the 
calibration for each subject, we can express the standard deviation of the 
measured jumps in minutes. On the assumption that each of the two fixation 
positions is an independent choice from the population of fixation positions, 
the standard deviation of the population is obtained by dividing this figure 
by »/2. This gives 6-4’ (R.M.), 4-8’ (E.N.W.), 4-0’ (I.B.), 6-1’ (M.P.), of arc. 
These estimates could be criticized on several grounds, and a more direct 
experiment was therefore attempted. The subject was asked to press a button, 
and thus mark the film, during the periods when he was satisfied that he was — 
fixating the point accurately. The record was then measured and a set of 
figures for the position of the eye at the beginning of a series of such periods 
was obtained. In the only successful experiment the fixation positions were 


scattered with a standard deviation of 6-5’. Some of this scatter is contributed 
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by movements of the whole head which unavoidably occur during the minute 
or longer required for such an experiment. The amount of head movement was 
estimated by repeating the same procedure whilst recording from the head; 
the variance of head position during signalled periods was subtracted from the 
variance for eye-position, and this correction reduced the estimate of the 
scatter of fixation positions to 5-2’. 

There is, finally, a third method of estimating the extent of this scatter of 
fixation positions. Saccadic movements occur in periods when the subject is 
satisfied that fixation is accurate. If these represent a random change of 
fixation within the area of scatter, then the size of such saccadic movements 
should be related to the area of scatter. Forty-one saccadic movements have 
been measured in periods of subjectively satisfactory fixation in three subjects. 
The root mean square of the size of jump was 5-7’, and this would correspond 
to a standard deviation of fixation position of 4-0’. A correction for head 
movement is unnecessary, because it cannot move appreciably during the time 
occupied by a single saccadic movement. 


After-image experiments 


The results provided by the technique so far described point to the following 


conclusions: 

(a) The eye moves very little during each fixational pause. 

(6) It is difficult to reproduce fixation on a point with an accuracy greater 
than 5’. 

The discomfort of the subject, the possibility of the mercury droplet shifting, 
the restraint of blinking, the residual head movements, and the selection of 
the records before measurement or reproduction, must all raise some doubts 
about these conclusions. An attempt was therefore made to check them by 
using an entirely different method, a comfortably seated, freely blinking 
subject, and a strict statistical technique. 

The eye was briefly exposed twice to a brightly illuminated test object. An 
after-image resulted from each exposure; if the eye was in the same position 
for each exposure the after-images would be coincident, but if it had moved 
during the interval the after-images would be displaced relative to each other. 
The extent of this displacement was measured by matching the after-image to 
an adjustable replica of the original test object, and so the extent of the 
movement which occurred in the interval between the exposures could be 

Preliminary experiments had shown that a misalinement of }’ could be 
detected easily in the after-image of a vernier test object, provided that the 
after-image was sufficiently intense, and the break lay close to the fovea. In 
order to detect small movements of the eye during a fixational pause the two 

halves of a horizontal, straight, brightly illuminated line were briefly exposed 
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one after the other within the period 30-150 msec following steady fixation of 
a small red point at the centre of the line. Small vertical movements of the eye 
occurring in the interval between the two exposures caused an apparent mis- 
alinement of the two halves of the straight line, and the subject could examine 


- this misalinement at his leisure in the after-image. 


The subject sits in front of the apparatus shown in Fig. 10. A lens L casts an image of a carbon 
arc A on to the artificial pupil Z, to which the subject applies his eye. It was found that he could 
centre his pupil on the artificial pupil by using visual cues, and he then steadied his head by resting 
his chin on his hands. The subject sees the lens in Maxwellian view, but a blackened glass plate 
P lies just in front of the lens. This plate has a fine, straight, horizontal line scratched across it, 


Fig. 10. ‘Diagram of the after-image apparatus. 


and on looking through F the subject sees this line brightly and evenly illuminated. Between this 
fixed plate and the lens lies a shutter S. This consists of an opaque plate suspended by a thread; 
on releasing the thread it falls freely through the required distance until it is arrested by a stop. 
Three holes are cut in the plate so that: ~~ 

(i) Before release a pinhole covered with red cellophane allows light to pass through the centre 
of the straight line on plate P. This is used as a fixation mark by the subject. 

(ii) 30 msec after release the left half of the line on the plate is exposed for 20 msec. 

(iii) 130 msec after release the right half of the line is exposed for 20 msec. 

The plate is arrested in a position where it obscures the whole line, and the subject therefore 
sees nothing after an exposure. The subject often detected a slight misalinement of the two halves. 
Most subjects agreed that the misalinement was seen more clearly when the after-image was 
deliberately inspected than when the subject tried to recall the fleeting impression he had during 
the exposure. 

This apparent misalinement in the after-images of the halves of the horizontal straight line is 
presumably due to a vertical movement of the eye occurring in the interval between the exposures. 
In order to estimate the extent of this movement an adjustable vernier was set up at a fixed 
distance from the subject, who then tried to adjust this vernier until it matched the after-image 
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as closely as possible. The vernier was a black line on a white ground, and the negative after- 
image resulting from the exposure was made visible by switching the light illuminating the vernier 
on and off. 

The accuracy of this estimation had to be carefully controlled, for the point of interest was the 
misalinement of the after-image, and this might have been obscured by errors in matching the 
vernier to it. The errors of the matching process were determined by altering the shutter and the 
fixed glass plate so that the nature of the after-image was accurately known. First a shutter was 
fitted which gave a single exposure of the whole line. The subject matched the vernier to a series 
of after-images which must, under these conditions, have been straight. Then the fixed glass plate 
was replaced by a plate having a vernier scratched on it, the single exposure shutter remaining in 
place, and under these conditions the after-image was always displaced by a constant and known 
amount corresponding to the angle subtended by the vernier scratched on the plate. This angle 
was 1-4’, which was larger than the majority of the displacements observed with the double 
exposure shutter. The means and standard deviations of the settings obtained under these con- 
ditions enable one to estimate the errors in matching the vernier to the after-image. 

Some further precautions should be mentioned. We are interested in getting an estimate of the 
amount of movement occurring in an unselected fixational pause when the subject is fixating 
a small point. The subject obviously had to know approximately when the exposure would occur, 
but it was thought desirable that he should not anticipate the exact instant. He therefore signalled 
when he was ready, and the observer released the shutter at the moment when the second hand 
of a clock passed the second division after he had signalled. The exposures were therefore randomly 
distributed in the interval more than 1 sec and less than 2 sec after he had signalled. The subject 
was never told which combination of plate and shutter was being used, but in fact he usually 
became aware of the improved consistency in the appearance of the after-images during a control 
series of observations. An attempt was made to prolong the interval between the exposure of each 
half of the straight line, but observations made with a shutter which moved the illuminated part 
of the line at an even rate from left to right indicated a rather consistent tendency for the eye to 
move after about 120 msec. This was attributed to a reflex movement resulting from the exposure 
of the first part of the line, and observations were therefore restricted to a period before this could 
interfere. It is conceivable that an oscillation at 10/sec or a multiple of this frequency might 
return the eye to its original position during the interval between the exposures of the two halves 
of the line. Observations with the shutter just mentioned had not revealed any such oscillation, 


was provided by the use of a plate which gave a 75 msec interval between the exposures of the 
two halves of the straight line. This shutter gave resulte indistinguishable from those obtained with 
the 100 msec plate and in the final analysis the results were mixed. One subject was eliminated 
because his controls were unsatisfactory. The results of the remaining three, all of whom were 
normal-sighted people in good health who performed well on the controls, were consistent with 
each other and were mixed in the results presented in Table 2. Occasionally the subject was 


Tastz 2. Estimation of movement of the eye within 75 or 100 msec by after-image method 
Mean displace- Standard devia- 


es ment in after- tion of 
: 0. 0 image displacements 
Object observed Exposure exposures (minutes) (minutes) 
Straight line Single 58 
Vernier of 1-4’ 51 13 0-29 
Straight line lines successively 85 0-07 0-54 


dissatisfied with a match, which was therefore discarded. In eight out of ninety-three observations 
with the divided shutter one half-line of the after-image was noticeably broader than the other, 
and it was usually displaced a long way. These were thought to be the result of a saccadic move- 
ment occurring during the exposure, and they were rejected because an estimate was required of 
the movements occurring during a fixational pause. 


which would have shown as a wobble in the after-image of the straight line, and a further check 
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Table 2 shows the results obtained. The mean of the readings taken when 
the after-image was known to be a straight line was taken as zero displacement. 
The difference between this figure and the figure for any other reading was 
taken as the apparent displacement of the vernier for that observation. These 
displacements are given as the angles they subtended at the subject’s eye. 

The scatter of the readings with the double exposure shutter is 0-54’. This 
is the standard deviation of the figures obtained by observing the difference 
between two positions of the eye, neither of which is the mean position. If 
one regards the two positions as independent choices from the population of 
eye positions, one can obtain the standard deviation of the population by 
dividing by »/2. This gives 0-38’. Some of the scatter, however, is contributed 
by errors of the matching procedure, and this can be corrected for by sub- 
tracting the variance of the control readings. This correction reduces the 
estimate of the standard deviation of the eye from its mean position to 0°31’. 
The measurement of the records, after correction for head movements, gave an 
estimate of 0-25’. 

These results confirm the conclusion tentatively arrived at by the other 
method. During use the eye is held still for short periods; the unsteadiness 
during these periods is not sufficient to ‘blur’ the retinal image appreciably, 
and there is no evidence for any kind of ‘scanning mechanism’ within the 
fixational pauses. 

After-images have also been used in an attempt to confirm the estimate of 
the scatter of fixation positions obtained by direct measurements of the records. 
For these experiments ‘a brightly illuminated line, the image of which fell in 
the parafoveal region, was briefly exposed while the subject attempted accurate 
fixation on a small red spot. The subject attempted a second fixation, and 
a second exposure was made. The after-images of the lines would only be 
coincident if the two fixation positions were the same, and the separation of 
the lines could be used to measure the discrepancy (in one direction only) 
between the two fixations. Only one subject has so far given satisfactory 
controls, and his results indicated that the distribution of fixation positions 
had a standard deviation of 6-3’ in the vertical direction. Other subjects have 
given lower figures, but their controls have shown that they consistently under- 
estimate the separation of the after-images, and until this Gumiounty has been 
overcome these results cannot be considered decisive. 


DISCUSSION 
The records which have been reproduced and analysed in this paper have been 
selected from several hundred feet of film. It would have been possible to show 
examples of almost all the types of movement that have been described in the 
literature, and it:is reasonable to doubt that the steady fixational pauses 
separated by rapid saccadic movements are the most important functionally. 


x 
by 
7 
a 
a 
€ 
> 
4 


304 H. B. BARLOW 


The records which differ most from the ‘typical’ records shown in Figs. 3 and 4 
are those showing large irregular wobbles, as in Fig. 9 (c). Movements of this 
type have been described by Lord & Wright (1948), and there can be little 
doubt that they do occur in supine subjects asked to fixate a small point. The 
reasons for believing that they may result from fatigue, discomfort, or failure 


of visual attention, have already been given, but the possibility that they are — 


functionally important has certainly not been eliminated. 

Another type of movement that has been observed is the 50/sec vibration 
described by Adler & Fliegelman (1934). Many records showed a trace of 
‘underdamping’; after a saccadic movement there was an overswing followed 
by a rebound, and occasionally the sequence was repeated for another cycle 
at a reduced amplitude. The tendency to show an underdamped oscillation of 
this type was possibly greatest in the younger and more energetic subjects, 
and one in particular showed them on three separate occasions. The oscillation 
sometimes persisted for many cycles and sometimes developed in the middle 
of a fixational pause. Fig. 9 (b) shows a period where the oscillation reached 
an amplitude of 3’. This subject was an apparently healthy undergraduate 
who neither smoked nor drank excessively. He showed no tremor in his hand, 
and there was no suggestion of neurological disease, excessive anxiety or 
hyperthyroidism. His vision was 6/6 in both eyes tested with a Snellen test 
chart. Examination of other records showed that a small, sustained tremor 
was not infrequent (see Fig. 8), but except in this subject it was never 
more than 1’ in amplitude (peak to peak) and rarely as large as this. The 
small amplitude and inconstant appearance do not support the suggestion of 
Marshall & Talbot (1942) that it is important in achieving good resolution. 

Another type of movement commonly occurring within a fixational pause 
— is a slow drift. It might be suggested that this is a deliberate movement 
analogous to the type of movement done by the fingers in feeling the details 
of the shape of an object, or testing the smoothness of a surface. Furthermore, 
the movements of the eye have been recorded in one direction only, and it is 
possible that when the record is straight the eye is moving in a direction 
perpendicular to this. Two arguments can be advanced against this suggestion. 
First, the occurrence of drifts in the eye movement records was on one occasion 
correlated with the appearance of movement of the fixation point (autokinesis) ; 
this phenomenon does not occur under normal conditions, and the correlation 
suggests that drifts are abnormal also. Secondly, calculations show that a 
steady linear drift of 2-5'/sec in a random direction would account for the 
whole of the observed movement in the after-image experiments designed to 


detect movements within a fixational pause. This is equivalent to a movement 


of a point on the image over 34 cones/sec in the fovea and is unlikely to be 
important during a short fixational pause. 


The experiments designed to test how accurately the eye was retrained on 
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a given fixation point indicated that individual fixation positions were scattered 
around a mean fixation position with a standard deviation of about 5’ measured 
in one direction. The three methods of deducing this figure by measurement 
of the records agreed reasonably well, but it might be objected that the subject 
was not placed in the most favourable circumstances for performing a delicate 
neuromuscular task. The after-image experiment designed to test this point 
gave a figure of 6’, but there was only one successful subject, and he had not 
had a great deal of practice. Possibly the scatter of fixation positions might 
be reduced, but there is a considerable difference between the accuracy of 
refixation, and the accuracy with which fixation is maintained within a single 
fixational pause. This contrast is less remarkable if one considers the possibility 
that the nervous system treats the volley of nerve impulses resulting from each 
fixational pause as a separate unit. A steady image would be required to make 
full use of the temporal and spatial summation occurring in the retina, but 
there would be no need for the eye to be held steady in exactly the same 
position during the next fixational pause; indeed it might be advantageous to 
move the image to a new position on the retina to avoid adaptation or fatigue 
of the receptors. Polyak (1941) describes a ‘small central island, measuring not 
more than 100 across, where the cones are thinnest and practically uniform’; 
this subtends 20’, and the observed scatter of fixation positions would be 
large enough to disperse the positions of the image of the fixation point over 
this area, but small enough to ensure that the image rarely fell outside it. 

These experiments have given no support to any hypothesis postulating 


- scanning movements within a fixation pause. Indeed the speed of the move- 


ments and steadiness of the fixational pauses are the most remarkable features 
of the records. The retina will be receiving a stationary image for the majority 
of the time, and this may indeed be necessary for it to function properly. This 
would certainly be consistent with various types of reflex movement made by 
the eye, such as the labyrinthine reflexes. These seem to be aimed at keeping 
constant the orientation of the eyes and the images of distant objects are 
thereby kept in the same position on the retina. Reflex following movements 
obviously do the same thing for moving objects. 

The necessity of a steady retinal image seems to fit in well with a number of 
familiar observations, such as the movements of a pigeon’s head as it walks 
over the ground, and the quick, jerky movements of a bird’s head when it is 
looking around. This is suggestive of the saccadic movement-fixational pause 
pattern of movements in the human. A Visit to the zoo is sufficient to convince 
one that movements of this type are common amongst all vertebrates. I have 
seen them, for example, in a young crocodile, and they are particularly obvious 
in a vegetarian lizard, Uromastix acanthinurus. Animals with non-foveate 
retinae usually make few spontaneous eye movements (Walls, 1942), but a 
rudimentary form of saccadic movement can perhaps be identified when the 


we 
BS 
iq 
= 
= 
ib 
, 
2 
f 
q 
~ 
4 
{ 
a 


306 H. B. BARLOW 


visual attention of a toad is aroused by an edible object; it performs a. succes- 
sion of rapid but separate adjustments in its position, the movements being 
separated by stationary periods lasting one or two seconds, until it is in a 
position to strike. A pointer attached to the toad would trace a record 
remarkably similar to those of Fig. 6, slowed down to half or quarter the speed. 

It was suggested in the introduction that the eye might either work like 
a camera, taking a succession of snapshots, or that the image might be moved 
deliberately over the retina in order to facilitate the extraction of certain 
types of information. The evidence that has been produced indicates that the 
first alternative is correct, in which case the fixational pauses must be regarded 
as the units from which visual sensations are built up, in —_ same way that 
a cinema film is built up of individual frames. 


SUMMARY 

1. A method is described for measuring the movements of the human eye 
by photographing the movement of a droplet of mercury placed on the cornea. 
The method is sensitive to rapid rotations of less than }’ amplitude. 

2. The records showed many types of movement, but when visual attention 
was aroused, and the subject was reasonably comfortable, the usual pattern 
of saccadic movements separated by fixational pauses was found. 

3. Selected fixational pauses showed very little movement; the r. m.s. 
deviation from the mean position during 0-4 sec was 0-25’ of arc. 

4, When the subject was fixating on a small fixation point the individual 
fixation positions were found to be scattered round a mean position with a 
r.m.s. deviation of about 5’ of arc. 

5. A method is described of checking the last two points using after-images. 
The results confirm the figures obtained by direct measurement of the records. 


This work was done when I held a Research Studentship from the Medical Research Council. 
I would also like to thank Prof. whe work, and the subjevte who remained 
patient and co-operative under somewhat exacting conditions. 


Note added in proof. Since this paper was prepared for publication I have seen papers by 
Ratcliff & Riggs (1950) and Ditchburn & Ginsborg (in preparation). My results agree 
substantially with theirs. 
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THE RENAL RESPONSE TO EXTRARENAL DEPLETION 
OF THE BLOOD VOLUME 
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The concept that the kidney might regulate the extracellular fluid volume was 
first explicitly stated by Peters (1935), although the idea can be traced in much 
earlier work (Starling, 1909). Peters was particularly concerned with tubular 
salt reabsorption, arguing that the kidney retained osmotically active sub- 
stances when the extracellular fluid volume was depleted, and conversely. 
A large volume of research bearing on Peters’s thesis has accumulated in 
recent years, | 
Using the technique of salt depletion to achieve volume depletion, McCance 
& Widdowson (1937) first showed that this was associated with a drop in 
glomerular filtration rate (G.¥.R.), and Harrison & Darrow (1939) indirectly 
confirmed this observation in salt and volume loss secondary to adrenal 
insufficiency. The latter authors interpreted this as a renal vascular response. 
Studies of dehydration also bear on this problem, although dehydration 
involves body-fluid hypertonicity as well as volume depletion. With the advent 
of clearance techniques, Shannon (1936) utilized dogs, dehydrated by water 
deprivation, to show that G.¥.R. was independent of the state of hydration 
except at extreme limits. He later confirmed and extended these observations 
in dogs with diabetes insipidus (Shannon, 1942), where dehydration to the 
extent of a 20% reduction in extracellular fluid volume can be attained in 
24 hr. He found also that when animals with diabetes insipidus were given 
0-5% saline to drink their plasma and extracellular fluid volumes were in- 
creased, and, concomitantly, the G.r.R. More important, the intravenous 
administration of the antidiuretic hormone, whether in physiological or mas- 
sive doses, did not affect the G.¥.R. regardless of the state of hydration. Studies 
of dehydration without starvation in man (Black, McCance & Young, 1944; 
McCance & Young, 1944) indicated that within the range of a 4-7% weight 
loss, G.F.R., renal plasma flow (R.P.F.) and plasma volume are all maintained at 
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normal levels. This may have been due to the salt intake in the diet. Kenney 
(1949), applying a similar but greater stress, observed that a 7-87 haemo- 
concentration in man was associated with a significant fall in G.F.R. and R.P.F., 
with an essentially unchanged filtration fraction. 

Rapid depletion of blood volumes may be observed on the assumption of 
the passive erect posture in man. This involves no change in total extracellular 
fluid volume, merely a distributional change. Significant among the many 
studies of this phenomenon are those of Brun, Knudsen & Raaschou (19454, b 
and c), McCance (1951) and Epstein, Goodyer, Lawrason & Relman (1951). 
Brun maintained that responses to this procedure fall into two categories: 
hormonal and vascular. The hormonal response seemed to follow stimulation 
of the supraoptico-hypophyseal system causing active retention of water, as 
well as of some other system causing active retention of salt. Vascular anti- 
diuresis involved a well-marked decrease in G.F.R. and R.P.F., with filtration 
fraction remaining unchanged— indicative of afferent arteriolar constriction. 
Epstein elaborated these views by showing that renal tubular reabsorption of 
water and salt still increased when the systemic blood-volume decrease of 
quiet standing was prevented by a simultaneous infusion of isoncotic albumin. 
Thus, Brun’s hormonal responses are apparently associated with a localized, 
rather than a systemic, volume or pressure change, and can occur when the 
increase in serum oncotic pressure (colloid osmotic pressure, Peters, 1935) of 
quiet standing is largely nullified by the intravenous addition of large amounts 
of isoncotic albumin in normal saline. Epstein’s findings agree in general with 
those of Lewis, Buie, Sevier & Harrison (1950) and Viar, Oliver, Eisenberg, 
Lombardo, Willis & Harrison (1951), who believe that a localized increase in 
venous pressure in the head (produced with a pneumatic cuff about the neck) 
leads to an increase in sodium excretion. On the other hand, increase in plasma 
colloidal osmotic pressure has been thought to be the primary determinant of 
a decrease in salt and water excretion (Greiner & Podhradszky, 1947; Welt & 
Orloff, 1951), particularly in experiments where hyperoncotic albumin (25% 
solution) is infused into reclining subjects. The latter experiment involves 
a sudden increase of fivefold in the serum oncotic pressure, which soon leads 
to a considerable expansion of the blood volume. Thus both hydrostatic and 
oncotic pressures seem to be able to excite Brun’s hormonal responses. 

The experiments herein described were made in the attempt to produce 
acute blood-volume depletion (and extracellular fluid volume depletion) by an 
extrarenal route, at controllable rates and with minimum trauma, and to 
observe the renal reaction to this stress. The technique consisted of introducing 
hyperoncotic, isosmotic solutions into the peritoneal cavity of dogs, and 
allowing the animals to approach new fluid equilibrium by losing isotonic 
extracellular fluid to this peritoneal pool until systemic and renal effects were 
demonstrable. 
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METHODS 
Ten adult female dogs, selected for leanness, were used in fifteen experiments. The character of the 


procedures used necessitated light nembutal anaesthesia, 25 mg./kg. Urine was collected by means 
of an indwelling soft rubber catheter. Arterial blood was collected by means of a cannula in the 


femoral artery. Renal vein blood was collected with a no. 6 straight Cournand radio-opaque 


cardiac catheter inserted into the right jugular vein in the neck, and run into the left renal vein 
with the aid of a small portable fluoroscopy unit. Systemic blood flow was measured directly with 
a modified Selkurt bubble flowmeter (Selkurt, 1949) inserted into a carotid-carotid circuit (inflow 
to and outflow from the meter in the same common carotid artery, using a low meter resistance). 
The instrument used is described in the appendix. Intraperitoneal pressure was measured with 
a simple water manometer, Concentrations of creatinine and p-aminohippuric acid (PAH) 
satisfactory for accurate clearances were obtained in the blood by an initial intravenous injection 
of 10 mg. PAH and 200 mg. creatinine/kg. body weight. These concentrations were maintained 
throughout the experiment either by a slow intravenous drip of 500 mg./100 ml. PAH in 10% 
creatinine solution into the femoral vein, or by subcutaneous injection of the same solution with 
500 viscosity units of added hyaluronidase (Alidase-Searle) per litre. 

Base-line values of PAH and creatinine extraction ratios and clearances, haematocrit, haemo- 
globin concentration, plasma chloride and protein concentrations, and urine chloride were 
determined in duplicate or triplicate over an hour’s time. 25 ml./kg. of 12% acacia in normal 
saline or 12% albumen in normal saline at 37° C. were then injected intraperitoneally, and the 
same determinations repeated after 15 and 30 min., 1, 2, 3 and 4 hr. The total time for injection 
was usually 2-3 min. On several occasions 25% albumen in normal saline was used. In most 
cases, the initial dose of barbiturate was sufficient for the entire 3-5 hr. period; occasionally 
additional small amounts were required intravenously. If any dog was inadvertently too deeply 
anaesthetized, and base-line values were found abnormally low, the animal was not used on that 
particular occasion. The experiment was usually terminated after 3-4 hr. with as complete a 
paracentesis as possible, intravenous administration of normal saline, and clipping of all minor 
‘cut-down’ wounds. These animals did well, and could be used again in 2-3 weeks with no obvious 
deleterious effects. Four of the animals received no intraperitoneal injection but were otherwise 
treated in the same manner in order to determine the effect of anaesthesia and lack of motion 
over a 4 hr. period. 

Syringes for the collection of blood samples were moistened with heparin, and 60 ml. samples 
were drawn almost simultaneously from the femoral artery and renal vein. Haematocrit was 
determined in the usual manner. Haemoglobin concentration was determined colorimetrically in 
a Coleman spectrophotometer using laked blood with added concentrated NH,. PAH was deter- 
mined by the method of Smith, Finkelstein, Aliminosa, Crawford & Graber (1945), with the 
exception that plasma-protein precipitation was brought about by adding 10 vol. of 10% trichloro- 
acetic acid to the diluted plasma. Creatinine determinations were carried out by the method of 
Barrett & Addis (1947) on the trichloroacetic acid filtrate. Total plasma proteins were estimated 
using Gornell, Bardawill & David’s method (1949), and plasma and urine chlorides were deter- 
mined by a Volhard microtitration as described in Peters & Van Slyke (1936). Plasma-water 
concentration was determined by weighing a given volume, drying it to constant weight, and then 
subtracting the weight of the dry solids in it. 

Following Oakley’s observations (1934), acacia solutions were refrigerated to prevent bacteria 
breakdown from producing smaller more diffusible particles, The acacia used was the purified, 
sterilized Lilly product. | 

Albumen solutions were made up from 25% solutions of salt-poor human albumen (Squibb) 
supplied for research by the American Red Cross. 

Various calculations were used to determine the quantitative aspects of scieaiei and tubular 
function. Clearances were determined by the usual UV/P formula, the exogenous creatinine 
clearance being taken as the a.¥.z., and the PAH clearance being taken as the effective renal 
plasma flow (R.P.F.). U/P 
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ratio for creatinine, which was the substance least affected by tubular action in this experiment. 
Chloride filtered was calculated from the concentration of Cl/ml. of serum water corrected for 
Donnan factor. The ratio of excreted chloride to filtered chloride is taken as a measure of the active 
tubular handling (‘rejection ratio’) of chloride. All chloride values tabulated are expressed either 
in terms of m.equiv./min. or m. equiv./l. 

RESULTS 


In Fig. 1 changes in blood volume are plotted over a 3 hr. period of dialysis as 
reflected in the two criteria of plasma-protein concentration and haemoglobin- 
haematocrit. Volume ratio (or volume fraction) was obtained by setting pre- 
injection base-line values arbitrarily as equal to 1-0, and expressing all 
subsequent arterial values as fractions of these base-line figures. This calcula- 
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Fig. 1. Changes in blood volume induced by intraperitoneal injection of colloid in normal saline. 
Ordinates: volume ratio (see text). Abscissae: time after injection. —— 12% acacia or 
albumin (five animals); —---—- 25% albumen (one animal). 


tion necessitates the assumption that total circulating red cells and plasma 
proteins remain constant during the peritoneal dialysis period; that is, that no 
net gain or loss of these substances occurred, e.g. into the peritoneal pool. The 
validity of this assumption will be discussed below, 

Elkinton’s formula (1946) was used to calculate blood volume poate from 
haematocrit and haemoglobin: 


(1—Hot,) (Hb,) _ 


(i-H ot,) (Hb,) = vol. ratio or fraction. 
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In this case all ‘1’ values are pre-dialysis values or base-line values, and all ‘2’ 
values are determinations at varying intervals of time after initiation of peri- 
toneal dialysis. 

As can be seen by comparing the dotted with the solid lines, the only 
essential difference between the two colloidal concentrations is that the higher 
the colloidal osmotic pressure, the faster the dialysis rate, and the faster the 
asymptotic approach towards a new equilibrium. . No difference was observed 
in the rate of volume change induced by the two types of colloid given in the 
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Fig. 2. Changes in renal function induced by intraperitoneal injection of colloid in normal saline. 
Ordinates: G.F.R., B.P.F, (renal plasma flow) and £.z.-PAH (extraction ratio of PAH). 
Abscissae: time after injection. @-@ extraction ratio, O-O G.¥.R., x-x RB.P.F. Results 
recorded from five animals. 


same concentration. It should be noted that the slove of the haemoglobin- 
haemotocrit curve is significantly greater than that of the plasma-protein 
curve within the first 45 min. after injection, but subsequently both show the 
same rate of change. Plasma and peritoneal fluid chloride concentrations 
remained unchanged at about 100 m.equiv. fi. throughout the entire experi- 
ment whether 12 or 25% colloid had been given. 

The results presented in Fig. 2 and Table 1 are from the experiments with 
12% colloid. 25% colloid produced such rapid and extreme declines in urine 
volume that accurate determination of clearances was impossible. tn 
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TaB_xE 1, The effect of intraperitoneal injection of 12% acacia or albumen on various tubular 
functions at intervals after the injection. See text for method of calculation. 


Serum A B 
Urine chloride Chloride Chloride 
flow U/P —_conecentra- filtered excreted 
(ml./ creatinine tion (m.equiv./ (m.equiv./ 

-min.) (ml./min.) ratio (m.equiv./l.) min.) min.) B/A 

Exp.1 Base-line 1:8 42. 23-3 98-7 3-66 0-063 0-017 
15 min. 146 38 24-0 99-5 3°35 0-054 0-016 

30 min. 1-2 30 24:8 100-0 2-66 0-027 0-010 

1 hr. 1-05 276 26-2 99-4 2-42 0-012 0-005 

2 hr. 0-89 25:1 28-4 99-2 2-20 0-009 0-004 

3 hr. 0-70 24-5 35-1 99-5 2°15 0-009 0-004 

4 hr. 0-64 24-4 38-2 99-5 2-14 0-008 0-004 

Exp.2 Base-line 1-3 40 30-8 100-1 3-54 0-018 0-005 
15 min. 10 35 35-0 101-5 3-14 0-013 0-004 

30 min. 0-8 25 31-3 100-8 2-21 0-004 0-002 

1 hr. 0-71 24 33-8 99-6 2-12 0-004 0-002 

2 hr. 0-52 24 46-2 99-9 2°14 0-002 0-001 

3 hr. 0-50 24-5 49-0 99-5 2-16 0-002 0-001 

4 hr. 0-51 23-0 45-0 100-4 2-04 0-002 0-001 

Exp.3 Base-line 2-0 45-0 22-5 98-9 3-94 0-024 0-006 
15 min. 1-8 38-7 21-0 99-1 3-39 0-017 =. 0-005 

30 min. 1-5 34:7 23-4 99-8 3-06 0-006 0-002 

1 br. 1-1 29-4 25-7 100-4 2-61 0-005 0-002 

2 hr. 0-80 25-6 _ 32:3 99-6 2-25 0-002 0-001 

3 hr. 0-55 25-2 45-6 99-0 220 0-002 0-001 

4 hr. 0-42 25-0 59-5 98-7 2-18 0-002 0-001 

Exp.4 Base-line 0-9 38 423 1016 3-40 0-115 0-034 
15 min. 0°75 34 45-4 100-4 3-02 0-091 0-030 

30 min. 0-68 30-4 44-8 99-8 2-68 0-056 0-021 

I hr. 0-63 28-2 45-0 98-4 2-45 0-044 0-018 

2 hr. 0-46 23-0 50-0 99-2 2-02 0-024 0-012 

3 hr. 0-45 23-0 | 51-0 100-0 2-04 0-025 0-012 

4 hr. 0-43 22-6 52-0 101-2 2-01 0-022 0-011 


The changes in renal clearances, PAH and creatinine, during the period of 
4 hr. dialysis are shown in Fig. 2 (five animals). There is a decrease in PAH 
clearance and extraction ratio, and creatinine clearance, with some increase 
in filtration fraction. All three curves are logarithmic in nature, and it should 
be emphasized that most of the change in ¢.F.R. and PAH clearance took place 
‘within 30 min. The absence of further change after 30 min. suggests a renal 

The anatomy of the dog made it necessary that only the left renal vein be catheterized for blood 
samples, since it joins the inferior vena cava at a lesser angle than does the right, and, being 
longer, offers greater security against slipping of the catheter during the experiment. However, 
this also means that the left ovarian vein is supplying part of the input to the catheter sample 
(not so on the right side), and this input becomes a greater source of error when the experimental 
procedure produces a selective fall in the renal blood flow, thus allowing greater proportion to the 
ovarian return. This undoubtedly accounts for the rather large drop in extraction ratio that is 
shown in Fig. 2. | 

In Table 1 are presented detailed results concerning renal water and 
chloride excretion from four experiments out of the ten performed, when 
12% albumen or acacia was used as the peritoneal dialysing colloid. The 
direction and magnitude of changes are typical of the entire group. 
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It can be seen that urine minute volume falls with the c.¥.R., and in addition 
tubular reabsorption of both chloride and water progressively increase, as 
reflected in chloride ‘rejection ratio’ (B/A) and in U/P creatinine ratio, The 
four control dogs who received no intraperitoneal colloid showed none of these 
changes over the period in question (3-5 hr. of anaesthesia). 

In Fig. 3 are plotted the values of systemic blood flow and intra-abdominal 
hydrostatic pressure during the 4 hr. experimental period in all the animals. 
Intraperitoneal pressure remained at about 4 cm. of water, with the expected 
respiratory fluctuations, for at least 3 hr. after initiation of peritoneal dialysis. — 
That is, the accumulating mass of peritoneal fluid didnot exert significant 
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12% colloid in normal saline. Ordinates: intraperitoneal pressure in cm. water, and carotid 
blood flow in ml./min. Abscissae: carotid flow, 0-0 intra- 


peritoneal pressure (ten animals). 


intra-abdominal pressure while the changes which have been described were 
taking place. Three to four hours after injection of 25 ml./kg. of 12% colloid 
the volume limit of the peritoneal cavity seems to have been reached, and 
pressure rose as indicated. At about the same time, carotid to carotid blood 
flow, which had previously been maintained more or less constant in the region 
of 400 ml./min., began to decline. Carotid artery mean pressure (not shown) 
was well maintained for the first 3 hr. of dialysis in every case, and rose 5-15 mm. 
Hg in about half of the experiments. It usually began to fall by the end of 
4hr. If the experiment was allowed to continue beyond 4 hr., massive ascites 
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usually developed, and about half of the animals went into shock with a large 
drop in systemic blood pressure and flow, and died —w Renal function 
was not determined i m such a period. 


DISCUSSION 


We can lia from the Starling concept of uals fluid ene that 
when two solutions of the same electrolytic osmotic pressure (0.P.) but different 
colloidal osmotic pressure (c.0.P.) are separated by a membrane permeable 
_ only to electrolyte, a diffusion of water and electrolyte into the compartment 
of highest c.o.P. results. Although migration of water slightly precedes the 
migration of electrolyte, the net effect is a movement of isotonic solution. At 
equilibrium there should be equal electrolytic o.P. on both sides of the 
membrane but greater total volume on the side of the originally larger colloidal 
concentration. The original margin of c.0.P. would then be balanced by the 

hydrostatic pressure of increased volume. 7 
_ That this situation has been approximated here can be seen by referring to 
Fig. 1. As in the simple system above, the rate at which a new equilibrium is 
approached is a function of the c.o.p. differences between the two compart- 
ments (peritoneal cavity and vascular compartment). It has been shown 
(Saslow, 1939) that a 6% acacia solution has an o.P. of 246-260 mm. H,0, 
while the c.0.P. of dog serum averages about 276 mm.H,0. Therefore a 12% 
acacia solution corresponds to about twice the c.o.P. of dog serum, and the 
total injected intraperitoneal volume may be expected to double itself at 
equilibrium. Were theoretical equilibrium achieved when 25 ml./kg. of 12% 
acacia in normal saline are used, the peritoneal volume would approximate to 
the blood volume of the adult dog. Judging from one experience with a rather 
obese bitch, an excessive quantity of omental fat probably slows the rate of 
approach to equilibrium. We must realize that what has been presented is an 
extremely oversimplified picture, and that if the additional variables of 
lymphatic drainage of the peritoneal cavity, etc., were taken into account, 
true equilibrium would probably never be reached. Since the animals (left to 
themselves to cope with a 12% colloid load) went into shock after about 4 hr., 
the lymphatic drainage of the peritoneal cavity was evidently too slow to 
remove this amount of acacia within the necessary time. It is interesting to 
note that the haemoglobin-haematocrit curve indicates apparently a signifi- 
cantly greater fall in blood volume than does the plasma-protein curve. The 
author is inclined to interpret this as the result of splenic contraction in 
response to the first movement of fluid into the peritoneal pool. The plasma- 
protein concentration, therefore, would seem a more reliable indicator of 
blood-volume changes. The alternative possibility exists, however, that protein 

moved into liver cells or the peritoneal pool. 
It seems, at least at the present time, that changes in the extracellular fluid 
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volume influence renal function by a corresponding change in the composition 


or volume of the serum. There seems to be no other way for the volume of the 
interstitial fluid to be acted upon or perceived. Theoretically, an alteration in 
the extracellular fluid volume could alter the circulating blood to provoke 
a response from the kidney in three ways: diffusible osmotic pressure (e.g. 
electrolytic 0.P.), non-diffusible osmotic pressure (colloidal osmotic, or oncotic 
pressure) and hydrostatic pressure. The last two are more direct relations, 
while the tonicity function is a variable one depending upon the route of 


volume change. 


_ The object of the experiments reported was to alter serum oncotic pressure 


as a function of extracellular fluid and plasma-volume depletion. Systemic 
hydrostatic pressure was maintained essentially constant throughout the 
experimental period, as was electrolyte tonicity. Logically, since the peritoneal 
colloid caused simultaneous depletions of both blood and extracellular fluid 
volumes, we can ascribe the renal reactions as causally related only to the 
blood-volume depletion. 

Other possible incidental variables include the possibilities of toxic reaction, 
peritoneal pressure of the collecting dialysis pool, and anaesthesia. From 
experiences in the intravenous use of acacia in patients suffering from hypo- 
proteinaemic oedema we know (Hall, 1938; Jackson & Frayser, 1939) that the 
drug is deposited in the liver and prolonged use gives rise to such hepatotoxic 
signs as impaired glucose and galactose tolerance curves, and depression of 
plasma-protein formation. A small percentage of allergic and anaphylactoid 
reactions have been reported after repeated usage, but purification of the 
product largely eliminated these shortly before the drug fell into disrepute as 
a therapeutic agent. There are no such reports yet for albumen. Against the 
possibility that the effects observed are toxic in nature are the following: the — 
acacia used was the purified Lilly product; both colloids gave the same response 
per unit of osmotic pressure; there was a graded systemic response to different 
c.0.P. levels; none of the animals received the acacia intravenously or had had 
any previous exposure or opportunity to become sensitized to the two foreign 
substances; some of the animals were used twice and showed the same degree 
of response on each occasion. 

The pressure effect of an increasing peritoneal volume on venous pressure 
and renal function may be evaluated by reference to the work of Bradley, 
Halperin & Mayer (1948) using a pneumatic abdominal binder to produce an 


intraperitoneal pressure of 80 mm. Hg. At that point there was an increase 


in venous pressure, and decreases in G.F.R., renal blood flow, glucose Tm 
(tubular reabsorptive capacity) and O, consumption by the kidney, as well 
as a decrease in urine flow. In the present experiments, however, at no time 
during the period of observation did the intraperitoneal pressure exceed 
10 cm. H,O. Pressure rose to higher levels at about the time when the animal, 
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if untreated, went into shock. The lack of significant intraperitoneal pressure 
also tends to rule out the direct effect of increased venous pressure in 
increasing tubular reabsorption of sodium (Blake, Wegria, Keating & Ward, 
1949). 

Fig. 3 shows that there was no change in carotid flow during any of the 
procedures, and either no change or a slight rise in blood pressure. This offers 
some collateral evidence that the reduction in renal blood flow was not part 
of an incipient or actual state of shock. There were systemic adaptations to the 
volume changes that maintained cerebral flow and systemic pressure for at 
least 3 hr. This should not be taken to mean that the renal effect was specific, 
for obviously each organ would be required to make its own adaptation to 
volume depletion in accordance with bodily need. It does suggest, however, 
that the renal vascular response was active. Eventually all adaptations were 
insufficient to prevent the animal going into shock, but the present work is 
concerned only with the earlier stages. 

The response, then, to the stimulus of hyperoncotic volume depletion is 
a lowered G.¥.R. and R.P.F. with some increase in the filtration fraction, and an 
active decrease in chloride and water excretion. It must, of course, be men- 
tioned that increase in blood viscosity and cell concentration will undoubtedly 
modify the renal vascular response, but conclusions cannot be drawn from this 
without pertinent data. The magnitude of the vascular response is obviously 
a function of the rate of stress application. Shannon observed G.¥.R. changes 
only at the end of a 24 hr. dehydration of a diabetes insipidus dog. These 
responses become more pronounced when the events of 24 hr. are telescoped 
into 1 hr. 

The tubular responses are similar to those observed in other techniques of 
volume depletion (Brun et al. 1945a), except that the present results suggest 
that they can occur when plasma oncotic pressure is the primary variable. 
Therefore, the renal reactions to dehydration—that is, increased water and 
salt reabsorption—are not a necessary function of hypertonicity (Verney, 
1947), for they can occur when volume and oncotic pressure are the only 
changing variables. | 

SUMMARY 

1. A technique of peritoneal dialysis induced by intraperitoneal injection of 
concentrated colloid solutions is described as a method of depleting blood and 
extracellular fluid volumes at controlled rates. The depleted serum is left with 
a normal electrolytic osmotic pressure, but an elevated colloid osmotic 
pressure. 

2. The renal responses to blood-volume depletion in this manner are 
decreases in glomerular filtration rate, effective renal plasma flow and extrac- 
tion ratio of p-aminohippurate, with slight significant increase in filtration 
fraction. There is an associated decrease in chloride and water excretion which 
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is believed to be in excess of the effect of a depressed glomerular filtration 
rate. 
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Dr Louis Welt and Dr Donald Seldin for many critical comments and for a eh albumen. 
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Fund at Yale University. 


| APPENDIX 
The flowmeter was constructed of Pyrex glass and is illustrated in Fig. 4. All 
inner surfaces were siliconed to prevent adhesion of possible clots to the walls. 
It is preferable to have the animal well heparinized. Blood enters at A and 


Fig. 4. Mechanical and electrical circuit diagram of photocell 
bubble flowmeter. See appendix for description. 


normally flows in the direction of the arrows to the outflow point at K. The 
stream may be diverted to B or C for sampling or pressure measurements. 
Above the plane of the drawing, over the area of E and H, a small light source, 
directed downwards, is placed. Below the plane of the diagram in the same — 
area is a phototube, completely shielded save for two small apertures directly 
under F and H. The simple circuit for powering the phototube is illustrated. 
RCA no. 868 was used. When blood is flowing no light will fall on the cathode. 
A supply of compressed air of reasonably constant pressure is attached to L 
and a small charge of air can be stored in a 2 ml. syringe held below, with a 


: 
3 
e B A 
| 
K 
VG D 
| 700 K. 4 
et: 1H RCA = 
F | M 868 = 
+ 
) 
4 


318 | JOSEPH H. CORT 


spring supplying the barrel with tension. By turning the valve at V the stored 
air can be injected as a bubble of constant volume into the circulation up to 
the point J, where it is stored for later release, while the blood continues to 
flow back into the animal. As the bubble passes # and H two surges of current 
are recorded at @, since light is momentarily allowed to strike the cathode 
below. The time interval between the two surges may be measured most 
accurately by feeding the bursts into a fast-moving pen-writer. F and M are 
ground-glass joints for the insertion of coils of varied internal diameter (and, 
therefore, varied meter resistance). H to H volumes are calibrated for each 
separate coil used, and thus the absolute flow may be computed as vol./time. 
The valve at J permits infusion into the circulation. The total internal volume 
of the meter, including the bubble trap at J, is 30 ml., and it is charged with 
saline or blood with heparin before being inserted into circulation. The tubing 
A to F and M to K is 4 mm., and the range of EF to H circulation times is 
1 to 5 sec. 

For a discussion of negligible temperature drop and flow anomalies caused 
by the bubble, see Selkurt (1949). 
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Experiments on young animals have shown (Mellanby, 1938, 1939, 1944, 
1947) that vitamin A determines the shape and texture of certain bones by 
controlling the position of the osteoblasts and osteoclasts of periosteal bone 
and the intensity of their activity. Both deficiency and excess of the vitamin 
cause severe changes in the skeleton, though the way in which the vitamin acts 
remains obscure. 

Some years ago a method was developed for cultivating early bone rudi- 
ments in vitro (Fell & Robison, 1929; Fell, 1951); the explants grew and con- 
tinued to differentiate im vitro in a surprisingly normal way. It occurred to 
Mellanby (1944) that such bone cultures might be used to study the action 
of vitamin A on skeletal tissue and especially to decide whether the action was 
a direct one. The method of cultivating organized tissues in vitro may be 
a valuable adjunct to animal experiments because of the great simplification 
of experimental conditions which it provides. In vitro there are no. vascular 
or nervous systems, and the influence of other organs is completely eliminated ; 
thus any effect produced by a chemical agent in vitro must be due to its direct 
action on the tissue. Also the experimental conditions can be widely varied 
_ at will and are more easily controlled in a tissue culture than in the body; 
the technique has the further advantage that the living explants can be 
observed under the microscope whenever desired. It was therefore decided to 
undertake experiments on the effects of hypervitaminosis A on embryonic 
long bones cultivated in vitro by the watch-glass method. 

In the living animal, hypervitaminosis A renders the long bones fragile, so 
that they sometimes suffer spontaneous fracture. This has often been observed 
in young rats fed on a diet containing an excessive quantity of vitamin A 


“ 
fg 
e 
; 
3 
2 
4 
oy 
i 
i 
4 
vy 
Bay 


HYPERVITAMINOSIS A AND BONE CULTURE 321 


(Collazo & Rodriguez, 1933; Bomskov & Seemann, 1933; Davies & Moore, 1934; 
Strauss, 1934; Van Metre, 1947; and many others). The same effect may also 
be produced by large doses of pure vitamin A (Wolbach & Bessey, 1942; 
Moore & Wang, 1943, 1945; Herbst, Pavcek & Elvehjem, 1944; Pavcek, 
Herbst & Elvehjem, 1945). 

These gross effects of hypervitaminosis A are associated with drastic histo- 
logical changes. Strauss (1934) observed retardation of osteogenesis, reduction 
of endochondral ossification and a variable degree of osteoclasis in the region 
of the fractures. Irving (1949) described rarefaction and reduced deposition 
of bone in the mandible of young rats. Wolbach & Bessey (1942) and Wolbach — 
(1947) showed that in the limb bones of young rats and guinea-pigs the 
maturation and degeneration of the cartilage cells and the replacement of — 
cartilage by bone were greatly accelerated and resulted in the abnormally 
early closure of the epiphyses. The fractures appeared to be due to ‘the 
extensive loss of previously formed cortical bone before the newly deposited 
bone has acquired firmness sufficient to meet mechanical requirements’ 


(Wolbach, 1947). 


Whether the changes resulting from hypervitaminosis A were due to a 
direct action of the vitamin on the bone or to an indirect action through the 
endocrine glands, was uncertain. Recently, Barnicot (1950) has approached 
this problem by grafting experiments. Fragments of crystalline vitamin A 
acetate were attached to small pieces of parietal bone from 10-day mice and 
the combination was inserted into the cerebral hemispheres of litter-mates. 
When the grafts were removed 7-14 days later, advanced absorption accom- 
panied by many osteoclasts was found, sometimes causing perforation of the 
bone. In Barnicot’s experiments a direct action of vitamin A on the bone ~ 
seems to have been clearly demonstrated, but the conditions were not wholly 
comparable with those in a hypervitaminotic animal. In the grafts the bone 
was in direct contact with a solid mass of vitamin, whereas in the hyper- 
vitaminotic animal it is only exposed to the relatively minute concentration 


present in the blood stream. 


The experiments described below were undertaken to see whether the 
vitamin in concentrations similar to those in the blood of animals suffering 
from hypervitaminosis A had a direct effect on skeletal tissues and, if so, to 
learn something about the nature of its action. Two groups of experiments 
were made, one on the limb-bone rudiments from 5- to 6-day chick embryos 
to study the effect of hypervitaminosis A on the differentiation of bone and 
cartilage, and the other on late foetal mouse bones, to investigate the effect 
on bones which were already highly differentiated at the time of explantation. 
A comparison was also made of the effects of ‘artificial’ hypervitaminosis A 
produced in the culture medium by adding vitamin A alcohol or acetate to 
normal plasma, and of ‘natural’ hypervitaminosis, obtained by using plasma 
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drawn from a fowl suffering from hypervitaminosis A, A short preliminary 
account of the experiments on mouse bones has already been published (Fell 


& Mellanby, 1950). 
TECHNIQUE 
The explants 
Chick. Chick embryos were removed from the egg after 5-6 days’ incubation and the limb buds 
cut from the trunk. In the younger embryos (Exp. 48, Table 1) individual bone rudiments were 
not yet distinguishable and the axial core of procartilage was isolated and explanted whole; in 
the older embryos, the humerus, radius and ulna from the wing and the femur and tibia from the 
leg were explanted separately. 
Mouse. Mouse bones were obtained from foetuses of about 17-20 days’ gestation. The radius, 
ulna, tibia and fibula were cultivated; the humerus and femur were too bulky. — | 


The culture medium 

Embryo extract. The extract was made from chick embryos of 12-14 days’ incubation. By drastic 
mincing and grinding, the embryo was reduced to a very fine, slimy pulp which was mixed with an 
equal volume of a modified Tyrode’s solution (see below) and centrifuged for not more than 5 min. 
This produced a yellowish, rather turbid, fluid which was freshly prepared for each subculture. 
- The modified Tyrode’s solution, mentioned above, contained 0-2% calcium glycerophosphate 
and the glucose content was raised to 1% for the experiments on chick bones and for Exp. 51 on 
mouse bones, and to 4% for all the other experiments on mouse bones. In Exp. 2 the extract was 
made with ordinary Tyrodc. 

The vitamin A content of the embryo extract was estimated and found to be low, viz. 
130 i.u./100 ml. 

Preparation of plasma, The syringes were sterilized by heating in oil and were then cooled to 
4° C. Three ml. of Ringer’s solution containing 10 i.u. heparin/ml. was first drawn into the syringe 
after which blood was drawn from a wing vein so that the volume was 30 ml. The contents of 
the syringe were gently mixed and then centrifuged, giving about 20 ml. of plasma. 

‘Artificial’ hypervitaminotic plasma (AH plasma). This description refers to fowl plasma to 
which vitamin A had been added directly. In some experiments vitamin A alcohol was used and 
in others vitamin A acetate. 

When vitamin A alcohol was added, a sample of avoleum containing 1,500,000 i.u. vitamin A/g. 
was dissolved in absolute alcohol to give a solution containing about 20,000 i.u./ml. The alcoholic 
solution was then added to normal plasma to raise the vitamin A content to the desired amount. 
The strength of the alooholic solution of vitamin A was such, that the final plasma contained 
about 1% ethanol in the earlier experiments and 0-2% or less in the rest. When vitamin A 


acetate was added, the crystalline substance was dissolved in absolute aloohol to give amounts _ 


similar to those obtained with vitamin A alcohol. In each experiment, the same quantity of 
ethanol was added to the normal (control) plasma as to the AH plasma. pe 

‘Natural’ hypervitaminotic plasma (NH plasma). This denotes plasma obtained from a fowl 
suffering from hypervitaminosis A. 

All fowls were given a diet containing much cabbage, together with pellets said to be sufficient 
for the normal feeding of these birds. In addition the hypervitaminosis A fowls were given 3 g. 
of avoleum: by tube directly into their beaks (1 g. at each of the following times: 9 a.m., 2 p.m. 
and 5 p.m.) and 2 g. in the food. Each gram of avoleum contained 30,000 i.u. of vitamin A, 80 
that each fowl was given 150,000 i.u. per diem. | 

At the end of a fortnight, or longer, the vitamin A supplement was stopped and the next 
morning the blood was withdrawn from the vein. In view of recent observations, the desired 
hypervitaminosis A might have been more rapidly obtained if the vitamin A oil had been first 
emulsified and it is also certain that a higher vitamin A content of the blood would have been 
obtained if it had been withdrawn on the same day as the last supplement of vitamin was given. 
The plasma of the normal bird contained about 200-400 i.u. of vitamin A and about 300 i.u. of 


5 
G 
4 
q 
| 
/ 
£ 
ig 
ray 
a 
f 
| 
6 
| 


HYPERVITAMINOSIS A AND BONE CULTURE 323 


carotene per 100 ml., whereas that of the birds fed on large quantities of vitamin A contained about 
1200-1500 i.u. of the vitamin and about 150 i.u. of carotene per 100 ml. Thus a high vitamin A 
diet usually lowered the carotene content of the plasma as compared with that of the normal bird, 
but raised ite vitamin A content; ® similar though less pronounced effect has been obtained in 
cattle (Walker, Thomson, Bartlett & Kon, 1949). 
Estimation of vitamin A and carotene. The concentration of vitamin A and carotene in the 
plasma and embryo extract was estimated by a method closely similar to that of Yudkin (1941), 
a modification of Kimble’s method (1939), and in detail was almost the same as that used by the 


Cambridge team in the investigation of the Medical Research Council (1949) on the vitamin A 


requirements of human adults. A sealed glass tube was used instead of a corked centrifuge tube 
when the plasma and alcohol mixture was extracted with petroleum ether. In the earlier experi- 
ments acetic anhydride was not added, as it was not necessary under the experimental conditions 
employed, but it was used in the later part of the work. 

The final culture medium. The final culture medium consisted of 3 parts of fowl plasma mixed 
with 1 part of embryo extract. Thus the concentrations of calcium glycerophosphate and of glucose 
in the embryo extract were lowered to 25% of their original values; the final medium contained 
0-05 %, of the former and 0-25 % glucose in the chick experiments and in Exp. 51 on mouse bones, 
and 1% glucose in the other experiments on mouse bones. The high glucose content had a bene- 
ficial effect on the explants and reduced internal necrosis; the calcium glycerophosphate was 
added in the hope of improving ossification. It is probable that both these substances reached 
the interior of the bones in a much lower concentration than was present in the medium (cf. 
Trowell, 1952). 

Since the vitamin A content of the embryo extract was low, the concentration of the vitamin in 
the final medium was about 25 % less than in the plasma. In the following account, the concentra- 
tions given are those estimated in the original plasma samples, so that the final medium contained 
about 25% less vitamin A than the figure stated. 

The vitamin A content of normal mouse plasma is only 20-60 i.u./100 ml., while that of fowl 
plasma is about 200-300 i.u./100 ml. Even the normal culture medium was therefore somewhat 

Cultivation by the watch-glass method 

In the watch-glass method (Fell & Robison, 1929; Fell, 1951) the culture vessel consisted of 
a watch-glass enclosed in a Petri dish which was carpeted with cotton-wool soaked with distilled 
water; a hole was cut in the cotton-wool to allow transillumination. First the plasma and then 
the embryo extract was dropped into the watch-glass, thoroughly mixed and spread with a fine 
glass rod and allowed to clot. The explants were placed in a drop of embryo extract made with 
ordinary Tyrode’s solution, sucked into a pipette and deposited on the surface of the clot; all 
surplus fluid was removed from the tissue with a fine pipette. The watch-glass cultures were 
incubated on a strip of board, which prevented heavy condensation of water on the inner surface 
of the Petri dish lid. 

The culture medium described above caused such rapid growth of the chick rudiments, that it 
was necessary to transplant them to freshly prepared watch-glasses four times a week; otherwise 
they exhausted the medium in their immediate neighbourhood and quite suddenly degenerated. 
For the same reason it was important to ensure that there was sufficient depth of medium beneath 
the rudiments; they were therefore explanted on 9 or 12 drops of medium, transferred to 15 drops 
at the first subculture and finally to 20 drops, the ratio of 3 parts plasma : 1 part embryo extract 
being maintained throughout. The modifications of culture medium and procedure adopted for 
the present experiments gave much better results than any previously obtained by H.B.F. when 
cultivating chick bone rudiments by the watch-glass technique. 

The smaller and leas actively growing mouse bones did well in 9-12 drops of culture medium and 
it was sufficient to transplant them three times a week. All the chick explants and the mouse 
bones in Exps. 51 and 52 were drawn with the aid of a camera lucida at the beginning of the 
experiment and at intervals during cultivation. 
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Histological techni 

Most of the explants were fixed in acetic Zenker’s fluid, embedded in paraffin wax and serially 
sectioned; in the later experiments with chick bone rudiments (section I) the bones were embedded 
in ester wax with very good results. The sections were usually stained with Delafield’s haematoxylin 
and chromotrop 2 R. In the later experiments some sections were stained shia 05% toluidine 
blue in 5% alcohol and van Gieson’s stain preceded by celestine blue and Mayer’s haemalum; in 
section III all the sections were stained with Nicolle’s carbol thionin and counterstained with 


alcoholic eosin. 
Some of the mouse bones were fixed in absolute aloohol and mounted whole in glycerin jelly, 


which gave a very clear general picture of their structure. 


RESULTS 
I. The effect of cultivating the limb-bone rudiments of 5- to 6-day chick 
embryos in a medium containing excess vitamin A alcohol ~ 
The object of these experiments was to study the effect of hypervitaminosis A 
on the differentiation of limb-bone rudiments which were at a very early stage 
of development when explanted. | 

The structure of the rudiments at the time of explantation. In the chick the 
rudiment of the limb skeleton is always slightly more developed in the leg 
than in the wing and the proximal elements are in advance of the more distal 
parts. The stage of differentiation may be clearly seen when the skeletal tissue 
is dissected under the binocular microscope. . 

There is considerable variation in the degree of development attained by 
embryos of the same age, and in the present study the embryos have been 
classified in four groups according to their stage of histogenesis: 

Stage 1. The limb skeleton consisted of a continuous blastema of procartilage 
with no trace of a joint. 

Stage 2. Individual bone rudiments were recognizable and were composed 
of very early cartilage in which chondroblastic hypertrophy had not yet 
appeared. 

Stage 3. Chondroblastic hypertrophy was just distinguishable in the femur 
(Pl. 1, fig. 1) and humerus: but not in the tibia, radius or ulna. 

Stage 4. Chondroblastic hypertrophy was distinct in the femur and humerus, 
and had just appeared in the tibia, radius and ulna; a two-layered periosteum 
had differentiated round the middle segment of the shaft in the femur and 
humerus but the only sign of ossification was some fibres among the 
osteoblasts. 

The behaviour of the rudiments in culture. The skeletal blastemas from limb 
buds at stage 1 (see above) were removed and cultivated entire, as the 
boundaries of individual bone rudiments were not yet distinguishable. The 
femur, tibia, humerus, radius and ulna of the older limbs were explanted 
separately. 

Fifty-five pairs of explants were grown; one of each pair was cultivated in 
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normal medium and the other in the same medium to which excess vitamin A 


had been added. Explants were fixed and sectioned at intervals. 


The results are summarized in Table 1. Only one experiment (Exp. 48) was 


- done with blastemas at stage 1, a rather low concentration of vitamin A 


(1475 i.u./100 in plasma) being used. After 48 hr. growth, in both the control 


_ and experimental explants, the individual bone rudiments had become visible 
- and the knee- and elbow-joints had appeared. In the two pairs of wing-buds, 
however, only the humerus developed well; it enlarged to several times its 
original length and acquired some semblance of its normal shape. There was 
__ little difference between the experimental and control humerus in the pair of 
__ wing explants fixed after 5 days; in both the cartilage differentiated into hyper- 
_ trophic, proliferative and epiphysial zones and a thin layer of periosteal bone 
was deposited. In the 7-day pair, however, chondroblastic hypertrophy and 

_ ossification were much more advanced in the hypervitaminotic humerus than 


in the control. The radius and ulna in both pairs of wing blastemas grew much 


Jess than the humerus and underwent neither chondroblastic hypertrophy nor 
_ ossification. 


The femur, tibia, fibula and part of the tarso-metatarsal region developed 
in the leg blastemas. The bones grown on the AH medium were rather more 
slender than those on the control medium. The femur, tibia and fibula of all 
four explants showed chondroblastic hypertrophy and ossification, but dif- 
ferentiation was more advanced in the hypervitaminotic rudiments than in 


the controls. 


Control rudiments explanted at stages 2-4 grew and differentiated extremely 
well in cultures, sometimes increasing to more than four times their original 


_ length and assuming a surprisingly normal shape (Text-figs. 1 and 2). The soft 
- tissue adhering to the cartilage proliferated rapidly and soon formed a capsule 
__ of organized connective tissue which often contained many muscle fibres and 


was permeated by a network of rather dilated endothelial channels. The zone 
of hypertrophic cartilage cells could be seen gradually spreading towards the 
ends of the diaphysis; the proliferative zone of flattened cells could be distin- 
guished in life and the demarcation of this region from the epiphysis could 


also be observed. A yellowish layer of periosteal bone or osteoid was deposited 


on the surface of the hypertrophic cartilage, the structure of which it soon 
obscured. This layer became thicker and more opaque but it did not appear - 
to become densely calcified. In the explants the cartilage enclosed by the bone 
was not excavated by ingrowing tissue as in normal development 1 ovo. 
Sections of the control bones fixed after 9-11 days’ cultivation in normal 
medium confirmed the observations on living cultures (Pl. 1, figs. 2, 4 and 6). 
The diaphysis consisted of hypertrophic cartilage enclosed by a thick sheath 
of periosteal bone; beyond the hypertrophic region was a broad proliferative 


zone of flattened cells which ended abruptly at the border of the small-celled 
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| cartilage of the epiphysis. There were many mitotic figures in the epiphyses 


and proliferative zones. The cartilage matrix was densely basophilic when 
stained with Delafield’s haematoxylin and-acquired an intense metachromatic 
coloration with toluidine blue (Pl. 1, figs. 4, 10; Pl. 2, fig. 12); it remained 
almost colourless after van Gieson’s stain. Especially in the humerus, there 


‘ was sometimes an area of mucoid degeneration in the interior of the broad 
terminal regions of the shaft; the matrix was swollen, showed disintegration 


and the cells, though not dead, were widely separated by the swollen matrix. 
Such appearances were probably due to imperfect nutrition in the centre of 
the large, avascular explants. : 

The periosteal bone, which was vividly red after van Gieson’s stain, was 


_ slightly metachromatic with toluidine blue. Where the ossified layer was very 


thick, small islets of cartilage were sometimes present, merging with the 
surrounding bone; in such specimens the histological picture somewhat re- 
sembled that of callus in which cartilage and bone are irregularly mingled. 
Metachromasia has been described in normal osteoid tissue by Follis & 
Berthrong (1949). 

The hypervitaminotic explants of stages 2-4 were grown in concentrations 
of vitamin A ranging from 902 to 3247 i.u./100 ml. plasma. The lowest con- 
centration (Exp. 49, Table 1) produced little change, and after 4 days’ cultiva- 
tion the experimental and control rudiments were indistinguishable. In the 
11-day cultures the hypervitaminotic femur was considerably smaller than its 
control in normal medium, and sections showed that the intercellular par- 
titions in the cartilage were much thinner. Chondroblastic hypertrophy and 
ossification were much more advanced in the hypervitaminotic ulna than in the 
control, the development of which was somewhat retarded. There was no 
obvious difference between the other experimental and control explants. 

In concentrations of about 1550-3247 i.u. vitamin A/100 ml. of plasma 
-(Text-figs. 1, 2), the rudiments grew normally for the first two days and did 
not differ from their controls. Then growth began to decline; the rate of 
elongation diminished and the shaft ceased to broaden, so that it became both 
shorter and more slender than in the controls. The epiphyses continued to 
enlarge but less than in the normal cultures. Eventually growth stopped and 
some of the explants even began to shrink. Periosteal ossification progressed 
and the differentiation of the hypertrophic cartilage, zones of flattened cells 
and epiphyses could be watched. 

In some of the hypervitaminotic explants, at about the 7th day a con- 
striction appeared in the zone of flattened cells (proliferating zone) just where 


_ the sheath of periosteal bone ended (Text-fig. 2). This was most conspicuous 


at the proximal end of the humerus and at the distal end of the femur; later 


- & constriction usually appeared also at the proximal end of the femur and 


sometimes, though to a lesser degree, at the distal end of the tibia. The terminal 
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part of the rudiment beyond the constriction often became completely 
detached from the shaft and was sometimes displaced to one side (Text- 
fig. 2). In the highest concentration (Table 1, Exp. 50) by the 11th day a con- 
striction had formed at both ends of all the bones except the tibia. 
The consistency of the hypervitaminotic explants changed during cultiva- 
tion. Instead of remaining firm and stiff like the controls, when transferred 


Normal +Vitamin A 

Text-fig. 1. Camera lucida drawings of a pair of living femora from a 6-day chick embryo (stage 2) 
one grown in normal and the other in AH medium (Exp. 46, Table 1), During 9 days’ cultiva- 
tion the femur in normal medium elongated from 1-6 to 5-2 mm. and showed no distortion. 
That in AH medium grew normally for the first 2 days; then growth rapidly declined, a con- 
striction appeared in the distal part of the shaft and by the 9th day the condylar end was 
nearly detached from the diaphysis and the rudiment was shrunken and bent. Sections of 
these explants are shown in PI. 1, figs. 2 and 3. 


to fresh medium they were found to be soft and ‘rubbery’. Throughout the 
culture period the cells surrounding the cartilage grew profusely, forming 
a thick capsule of connective and myogenic tissue around the skeletal rudiment. 

Sections of the explants grown in the higher concentrations of vitamin A 
revealed some interesting histological abnormalities. The differentiation of the 
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cartilage into epiphyses, zones of flattened cells and hypertrophic region was 
at least as rapid as in the controls and in two explants (Exp. 49, ulna, and 
Exp. 50, radius) it was much moré advanced. The layer of periosteal bone 
deposited on the surface of the cartilage was in some explants nearly or quite 
as thick as in the controls (Pl. 1, cf. figs. 4 and 5); in the highest concentration 
of vitamin A (Exp. 50) many of the osteoblasts in some of the larger rudiments 
were degenerate by the 11th day of cultivation, but in other explants the 
majority remained healthy throughout the culture period. | 


Normal +Vitamin A 
Text-fig. 2. Camera lucida drawings of living humeri from a 6-day chick embryo (stage 2), one 
grown in normal and the other in AH medium (Exp. 46, Table 1). During 11 days’ cultivation, 
the humerus in normal medium elongated from 1-3 to 5-2 mm. and developed a fairly norma] 
shape. That in AH medium also enlarged considerably, but a constriction appeared at the 
proximal end of the shaft and by the 9th day the proximal epiphysis had become completely 
detached from the diaphysis. Sections of these explants are shown in PI. 1, figs. 6 and 7. 


The most striking histological effect of the hypervitaminosis was on the 
cartilage matrix, and to this were due the severe changes described above in 
the living cultures. The intercellular partitions began first to narrow and then 
_ to lose their metachromasia (Pl. 2, cf. figs. 11 and 12); under high magnifica- 
tion the fibrous texture demonstrated by staining with toluidine blue was seen 
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to be looser than in the controls. The loss of metachromasia spread in wards 
from the periphery (Pl. 1, figs. 9 and 10) until by about the llth day the 
matrix of the whole shaft was completely colourless when stained with 
Delafield’s haematoxylin or toluidine blue (Pl. 1, cf. figs. 4 and 5; Pl. 2, fig. 13). 
When neighbouring sections of the same hypervitaminotic explant were 
stained with van Gieson’s solution and with toluidine blue respectively, it 
was found that in those areas where the matrix had lost its metachromasia 
with toluidine blue, it stained a bright pink with van Gieson’s solution; con- 
versely, regions which still retained their metachromasia were nearly colourless 
after van Gieson’s stain, as also was the cartilage of the controls grown in 
normal medium (PI. 2, cf. figs. 13 and 14), : 

In only one of the fifty-four controls grown in normal medium was there 
a similar loss of metachromasia in the cartilage matrix. This was seen in 
a control radius after 11 days’ cultivation (Exp. 47); a short segment in the 
middle of the shaft failed to stain metachromatically with toluidine blue; in 
the corresponding radius grown in AH medium the metachromasia had almost 
completely disappeared from the whole diaphysis. : 


The matrix of the epiphyses was less affected by the hypervitaminosis than 


that of the shaft, but after 11 days’ cultivation in the highest concentration of 
vitamin A (Exp. 50), the metachromasia persisted only in small regions in the 
interior of the epiphyses and elsewhere had vanished completely (PI. 2, fig. 13). 

While these drastic changes were progressing in the matrix, the chondro- 
blasts throughout most of the affected cartilage appeared healthy (PI. 1, fig. 5 
and Pl. 2, fig. 11), though in the hypertrophic region of the shaft they became 
smaller and less vacuolated than in the controls (Pl. 1, cf. figs. 4 and 5). In 
some of the 11-day explants grown in the highest concentration of vitamin A 
(Exp. 50), the intercellular partitions had disappeared completely in places, 
so that groups or nests of cells were often enclosed in one large capsule; in 
some explants it was surprising to find many of these cells in mitosis. 

In those hypervitaminotic explants in which, as already mentioned, a con- 
striction formed near the end of the diaphysis (Text-fig. 2), localized necrosis 
was always present at. this site, where the following events took place. Im- 
mediately beyond the sheath of periosteal bone, the peripheral cartilage matrix 
lost its metachromasia, softened and shrank in the usual way; the chondro- 
blasts became closely packed together and some degenerated, while the 
boundary between the cartilage and the surrounding connective tissue became 
indistinct. As the changes in the matrix spread inwards, a tract of cartilage 
extending right across the shaft began to show pressure effects (Pl. 1, fig. 8): 
the cells became greatly flattened and some degenerated, while the matrix 
was compressed into fibrillae staining brightly with van Gieson’s stain or 
chromatrop and orientated at right angles to the long axis of the rudiment 
(Pl. 2, fig. 14). The pressure responsible for these changes was apparently 
exerted by the capsule of myogenic and connective tissue which enveloped 
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; the cartilage and which seemed to contract when the tissue was removed from 
the clot. The zone of cartilage just beyond the periosteal bone was probably 
more susceptible to pressure than the rest of the rudiment, since it was pre- 
sumably the weakest part; it was narrower than the terminal part of the 
diaphysis which broadened rapidly on approaching its junction with the 
' | epiphysis, and lacked the support of the stiff sheath of bone which reinforced 
the rest of the diaphysis. 
The necrotic layer of cartilage produced in this way was sometimes invaded 
; by the adjacent connective tissue cells, until the epiphysis and the wide 
' terminal part of the zone of flattened cells was completely severed from the 
ossified shaft, Continuing pressure often bent the detached end to one side 
. and occasionally forced it down alongside the shaft. The periosteal bone might 
grow over the broken end of the diaphysis and in one explant (Pl. 1, fig. 7) 
ossification spread diffusely into the surrounding connective tissue. 


From these results it is concluded that: 
(1) The cartilaginous long-bone rudiments of 5- to 6-day chick embryos 

- differentiate at the normal rate into epiphyses, zones of flattened cells and 
hypertrophic region when cultivated in medium to which excess vitamin A 
has been added. 
} (2) Periosteal ossification of the long-bone rudiments is ‘only slightly 
inhibited by hypervitaminosis A. 
. (3) Hypervitaminosis A produces drastic changes i in the cartilage matrix 
. of the explants, viz. shrinkage of the intercellular partitions, softening and 
) loss of basophilia and metachromasia. 

(4) These changes are not associated with degeneration of the chondroblasts. 


Il. The effect of cultivating late foetal and early infant mouse bones in 

normal medium containing excess vitamin A acetate or alcohol _ 
These experiments were made to study the effect of hypervitaminosis A 
} on bones that were already at an advanced stage of development when 
explanted. 

The structure of the bones at the time of explantation. In every experiment on 
late foetal mouse bones, a fore- and. hind-limb of one foetus from each litter 
was fixed and sectioned to show the approximate stage of development of the 
original explants. The late foetal bones were well developed (Pl. 2, fig. 15). 
) Most of the shaft consisted of a tube of trabecular bone covered by a perios- 
teum with an outer fibrous and an inner osteoblastic layer. The cartilage had 
been completely excavated from most of the diaphysis and replaced by mar- 
row, permeated by trabeculae of endochondral bone, but the ends of the shaft 
(metaphyses) were largely occupied by hypertrophic cartilage undergoing 
endochondral ossification and separated from the round-celled epiphyses by 
| broad tracts of flattened cells with the usual columnar arrangement; there was 
no sharp demarcation between the three zones of cartilage. The cartilage 
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matrix was intensely basophilic with Delafield’s haematoxylin and strongly 
metachromatic with toluidine blue; both stains showed clearly the cartila- 
ginous centres of the endochondral bone trabeculae. 

The bones used for Exp. 51 (Table 2) were slightly younger than the rest. 
The marrow cavity occupied only about one-third of the length of the shaft, 
and the periosteal bone was more cellular and less abundant than in the older 
rudiments. Otherwise the histological structure was similar to that described 
above. 

_ The normal bones of 3-day infant mice were not taken from the same litter 
as that which provided the explants. The periosteal bone was much less 
trabecular and more compact than in the foetal rudiments and little endo- 
chondral bone remained in the middle segment of the shaft. The strongly 
basophilic and metachromatic terminal cartilage occupied a smaller proportion 
of the shaft than in the late foetus, but otherwise was similar. The articular 
cartilage, however, was better developed; in some regions it was much less 
metachromatic with toluidine blue than the rest of the epiphysial cartilage 
and stained brightly red with van Gieson’s solution. _ 

The behaviour of the bones in culture. Fifty pairs of foetal bones and four 
pairs of infant mouse bones were used in these experiments. Of each pair, one 
was grown in medium to which an alcoholic solution of vitamin A acetate or 
alcohol had been added to give various concentrations, the other in the same 
medium containing the same quantity of ethanol but no added vitamin A. 

During cultivation in normal medium, the control foetal bones elongated 
(Text-fig. 3), but much less than the early skeletal rudiments of the chick, and 
the cartilaginous ends broadened. The cells from the soft tissue attached to 
the bone wandered into the clotted medium and by the 3rd day had formed 
a broad zone of outgrowth which anchored the bone to the clot and thus 
resisted its further expansion; this sometimes forced the cartilaginous ends 
slightly out of alinement with the shaft in 7- to 10-day cultures. 

In sections (Pl. 2, figs. 16 and 18), surprisingly little cell degeneration was 
seen in the controls even after 10 days in culture, the longest period for 
which the explants were maintained, but they showed certain abnormalities 
which were probably due partly to the lack of a vascular system and partly 
to the fact that, as mentioned above, normal fowl plasma is somewhat 
hypervitaminotic for mouse bones. 

As in normal development, the periosteal bone was partially reorganized 
to become less trabecular and more compact (Pl. 2, cf. figs. 15 and 16). 
Sometimes layers of new bone were deposited on the outside of the diaphysis 
parallel with the surface, so that the wall of the shaft was thickened. In other 
explants, especially in those of Exp. 51 which were obtained from rather 
younger embryos than the rest, bone absorption slightly exceeded bone 
deposition ; as will be seen later, the younger bones were more sensitive to the 
action of vitamin A than the older rudiments, so that this slight rarefaction of 
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the periosteal bone in the controls may have been due to the hypervitaminosis 
A of normal fowl medium for mouse bones. Relatively few osteoblasts and 
osteocytes were degenerate except in the innermost periosteal trabeculae of 
the larger bones (tibia and sometimes ulna) and in the endochondral spongy 
bone. 

As in the normally developed limb bones, there was considerable absorption 
of the bone trabeculae in the marrow cavity, but in the explants endochondral 
ossification was almost arrested, so that the spongy bone of the metaphyses 

was not replaced as it is in normal development (PI. 2, fig. 16). Instead, the 
hypertrophic cartilage was slowly invaded and excavated by cells from the 
marrow; erosion was sometimes very irregular and sometimes proceeded along 
a fairly straight front. In some explants a layer of osteoid tissue was deposited 
on the surface of the cartilage which was thus sealed from the marrow cavity, 
the histological picture somewhat resembling that of the terminal plate of 
bone formed on the surface of the epiphysial cartilage during arrested growth 
in vo, e.g. in hypophysectomized young rats (Ray, Evans & Becks, 1942). 
This removal of the pre-existing spongy bone and failure to replace it by further 
endochondral ossification, weakened the metaphyses which, as described 
above, sometimes bent or crumpled slightly owing to the resistance to elonga- 


tion caused by the outgrowth of cells into the clot; for the same reason the 


metaphyses often became abnormally narrow, so that the terminal cartilage 
bulged rather abruptly from the bony shaft. 

The cartilage matrix continued to increase in amount and the intercellular 
partitions broadened, With Delafield’s haematoxylin it was strongly baso- 
philic; with toluidine blue (used in Exps. 51, 52 only) it was intensely meta- 
_ chromatic (Pl. 2, fig. 18), except in the near neighbourhood of the excavation 
at the marrow surface, where the staining capacity was lost or greatly reduced. 
After van Gieson’s stain (Exps. 51, 52 only), the matrix of the hypertrophic 
cartilage was pale pink as in normal development; elsewhere in the explants 


of Exp. 52 it was nearly colourless and pale pink in those of Exp. 51 for which, 


as already mentioned, rather younger rudiments had been used. 
__ The chondroblasts remained apparently healthy throughout, except in the 
hypertrophic cartilage most deeply situated in the bony shaft where, especially 
_ in the relatively large tibiae, many or all of the cells were dead by the 7th day; 
in normal development this region would already have been excavated by the 
ingrowing vessels and associated tissues. The proliferative zone showed signs 
of diminishing activity; the columnar arrangement of the chondroblasts 
became disorganized and the cells less flattened so that by the 10th day the 
zone could hardly be distinguished from the adjacent cartilage. = __ 
Most of the haemopoietic cells originally present in the marrow degenerated 
during the first few days in culture; their remains were phagocyted and, in 
the smaller bones, were often removed completely. After the destruction of 
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the original marrow, haemopoiesis continued, especially in the smaller ex- 
plants, though on a greatly reduced scale; most of the marrow cavity was 
occupied by the reticulum, a loose tissue of irregularly arranged fibres and 
cells some of which were in mitosis; there was also a network of thin-walled 
vessels. A few osteoclasts were always found, they were more numerous in 
the controls of Exp. 51 than in the controls of the other experiments. 

From the foregoing account, it will be seen that in normal fowl medium, the 
control foetal mouse bones survived with little necrosis for at least 10 days 
and underwent some further differentiation, but that their growth was at first 
greatly retarded and finally arrested by conditions in vitro. 

The effect of hypervitaminosis A on the corresponding bone rudiments 
cultivated in medium containing excess vitamin A acetate or alcohol, was 
remarkable, It was most conspicuous in the explants of Exp. 51 (Table 2), 
for which younger embryos were used than for the other experiments. These 
rudiments were grown in a concentration of 2876 i.u. vitamin A/100 ml. | 
plasma and after only 2 days in vitro they had shrunk considerably, while the 


controls had enlarged during this period. When the living cultures were 


examined under the dissecting binocular, the bone was seen to be greatly 
rarefied and the cartilaginous ends much reduced in size as compared with 
the corresponding controls. After 4 days, when the experiment was terminated, 
the bone had nearly disappeared from the hypervitaminotic rudiments, only 
a few small spicules remaining, while the cartilage had dwindled to a tiny 
nodule at either end of the original shaft region; the controls showed little 
change except that, as mentioned above, the diaphysial bone was rather less 


_ dense than at the beginning of the experiment. The soft tissue surrounding the 


rudiments grew with equal vigour in both series. 

In the other experiments on rather more advanced bones, the cartilage 
dinigpensed more quickly than the shaft. Except at the highest concentra- 
tions (Exps. 2 and 7, Table 2), little difference was seen between the hyper- 
vitaminotic and control explants during the first 2 days in culture (Text- — 


_ fig. 3), but. after 4 days there was a marked contrast between them. The 


explants in excess vitamin A were much smaller than the controls; the terminal 
cartilage which looked rather opaque, was shrunken and often displaced at an 
angle to the bony shaft in which jagged holes had appeared. 
The cartilage diminished very quickly and soon ceased to fit the diaphysial 
bone, from which it emerged like a small head and neck from a too large collar 
(Text-fig. 3); sometimes it was forced downwards into the marrow cavity by 
the pressure of the surrounding tissue. Meanwhile, the periosteal bone con- 
tinued to be absorbed rapidly; by the 5th day it had a moth-eaten appearance 
and had become much shorter. Different rudiments reacted at different rates ; 
the changes were most advanced in the fibula, see i in the radius, less still in 


the ulna and least in the tibia. 
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' During the later stages of cultivation the shaft became greatly disorganized 
(Text-fig. 3); by the 10th day the cartilage had often disappeared in the fibula 
and radius and the bone had disintegrated. All that remained of the original 
explant was an actively growing sheet of amoeboid cells in which were scat- 
tered a few spicules of bone. In the tibia small nodules of cartilage and a little 
bone persisted. 
Histological examination of the foetal bones grown in AH medium showed 
that the disappearance of the cartilage was due to two causes: a progressive 
narrowing of the partitions of matrix between the chondroblasts and an 
abnormally fast excavation at the marrow surface. As in the chick rudiments, 


+Vitamin A 
Text-fig, 3. Camera lucida drawings of living radii from a late mouse foetus, one grown in normal 


and the other in AH medium (Exp. 52, Table 2). During 7 days’ cultivation the radius in | 


normal medium enlarged somewhat and the bone and cartilage remained intact. That grown 
in AH medium also enlarged during the first 2 days, then suddenly the cartilage began to 
shrink and the bone to be absorbed; by the 4th day the cartilage had almost disappeared and 
the bone was much rarefied and reduced. Sections of these explants are shown in Pl. 2, 
figs. 15-19. 


shrinkage of the matrix was accompanied by loss of basophilia and meta- 
chromasia, which began at the surface and spread inwards (PI. 2, fig. 21), and 
those areas which had lost their metachromasia stained more brightly with 
van Gieson’s solution. | 

During the original dissection, small superficial areas of cartilage were 
usually killed by pressure when the cataract knife was inserted between 
adjacent articular surfaces to isolate the bones. In the controls grown in 
normal medium, these little necrotic patches formed a negligible part of the 
terminal cartilage and were hardly noticeable. In the hypervitaminotic 


_ explants, however, they became increasingly conspicuous, as the matrix did 


not shrink and lose its basophilia in these killed regions nearly so fast as in the 
neighbouring undamaged cartilage where the cells were still alive; this indi- 
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cated that the chondroblasts were themselves concerned in the destruction 
of their intercellular material. 

At the marrow surface large groups of liberated hypertrophic dianieehions 
were sometimes seen during the first few days of cultivation. 
- How the bone was absorbed was not entirely clear from the sections. In 
Exp. 51 the number of osteoclasts was considerably greater in the hyper- 
vitaminotic bones, but in other experiments there seemed to be no more than 
in the controls, and the appearance suggested that the other cell types, e.g. 
macrophages, reticular cells, endothelial cells and possibly the osteoblasts and 
osteocytes, were responsible for the absorption. | 

There was little, if any, deposition of new osteoid tissue in the hyper- 
vitaminotic mouse bones, which in this respect differed from those of the 6-day 
chick embryos in which ossification was nearly as active as in the controls. 
Nevertheless, the osteoblasts in the hypervitaminotic mouse explants multi- 
plied actively so that the tissue around the bone became much denser than in 
the controls (Pl. 2, cf. figs. 16 and 17) and contained many mitotic figures. It 
is possible that more growth-promoting material from the culture medium 
reached the interior of the shaft as the periosteal bone was eroded, and 
encouraged the cells to multiply; later the general shrinkage of the shaft 
probably compressed the cells and so further increased their density. The 
osteoblasts soon lost their characteristic appearance, however, and became 


transformed into spindle-shaped cells of the fibroblast type which wnciaeed 


to divide. 

Sections showed that in the final stages of the explants’ dissolution, the 
cartilage had shrunk to a compact mass of chondroblasts enclosed by very 
thin capsules which stained pink with van Gieson’s solution or chromotrop. 
Eventually these capsules also disappeared, leaving the cells free. The sub- 
sequent fate of the chondroblasts depended on the amount of tissue by 
which they were surrounded. If tags of muscle and tendon had been left 
attached to the original cartilage, the cells proliferated and enveloped the 
cartilage by a fairly thick layer of connective tissue; when the matrix had 
gone, the soft mass of cartilage cells was compressed by this surrounding layer 
and degenerated. On the other hand, if the cartilage had been dissected clean, 
all but the innermost chondroblasts in the larger rudiments and nearly all 
those in the smaller explants survived the loss of their capsules and seemed to 
wander into the medium where they were lost (Pl. 2, fig. 22). 

In Exp. 51 in which, as already described, the bone was absorbed with 
extraordinary speed, the osteoblasts which at first multiplied profusely and 
showed very active mitosis, became greatly compressed by the very rapid 
shrinkage of the diaphysis and most of them degenerated. The destruction of 
the shaft was more gradual in the explants from older foetuses and there was 
little degeneration among the cells of the marrow cavity ; as the bone vanished, 


An 
ad 
ala 
nal 
le 
red 
4 
ive 
ts, 
as 
“ay 
= 
a 
nal 
j 
hd 
a 
od 
2, 
a- 
d 
h 
id | 
h 
id 


338 HONOR B. FELL AND E. MELLANBY 


these cells spread out on the medium and continued to multiply. Finally all 
that was left of the explants (Pl. 2, fig. 20) was a mass of fibroblasts and . 
macrophages with a few shreds of bone and one or more of the small islets of 
dead cartilage mentioned above. : 

The rate at which the explanted foetal bones reacted to hypervitaminosis A 
depended on the concentration of the vitamin in the medium. Thus, as may 
be seen from Table 2, Exp. 12, after 3 days’ cultivation, a tibia explanted in 
medium containing about 1000 i.u. vitamin A/100 ml. of plasma showed no 
- change, in about 2000 i.u./100 ml. the cartilage had begun to shrink and lose 
its basophilia and in about 3000 i.u./100 ml. the cartilage was greatly reduced, 
had lost much of its basophilia and the bone was partly absorbed. Similarly, 
after 7 days’ cultivation, a radius in medium containing about 1000 i.u. 
vitamin A/100 ml. plasma retained some cartilage which, however, was greatly 
reduced and had nearly lost its basophilia, and the shaft persisted, though 
much rarefied, while at a concentration of about 3000 i.u./100 ml. the rudiment 
had almost vanished. 3 

The results of the experiment on radii and ulnae from 3-day infant mice, 
cultivated in medium containing 3316 and 3180i.u. vitamin A/100 ml. plasma, 
were similar to but less drastic than those described above. The controls 
explanted in normal medium grew little and endochondral ossification was 
arrested ; a terminal plate of bone, like that described on p. 334, was deposited 
on the surface of the hypertrophic cartilage at the proximal end of the ‘radius. 
The marrow degenerated, but even after 10 days’ cultivation there were few 
necrotic cells, in spite of the large size of the explants and the density of their 
intercellular material. 

In the hypervitaminotic bones the cartilaginous ends showed severe changes 
after only 5 days’ cultivation; they were much smaller than those of the 
controls and in the radius the matrix had lost all and in the ulna nearly all its 
basophilia with Delafield’s haematoxylin. The chondroblasts appeared healthy. 
The diaphysial bone was thinner than in the controls and the osteoblasts were 
fewer and less well developed. After 10 days the cartilage had nearly gone and 
the periosteal bone was extensively absorbed, especially near the ends of the — 
diaphysis. 

It may be concluded that in vitro: 

(1) Hypervitaminosis A causes the cartilage matrix to shrink, lose its 
basophilia and metachromasia and finally to disappear. 

(2) The chondroblasts of the affected cartilage appear healthy. 

(3) There is great absorption of bone. 

(4) The younger the bone rudiment when explanted, the greater is its 
susceptibility. 
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| III. The effect of heating (a) the bones, (b) the plasma of the culture medium on 


the growth of foetal mouse bones in normal medium and in 
medium containing excess vitamin A alcohol 
| Tn the previous section it was shown that areas of cartilage which had been 
killed by mechanical damage did not respond to hypervitaminosis A like the 
adjacent, living cartilage. The following experiments were made to see what 
relationship, if any, existed between the growth of bones in vitro and their 
response to hypervitaminosis A. 

The effect of heating the embryos. Mouse embryos, after removal of one fore- 
paw, were placed in a tube containing about 20 ml. of Ringer’s solution and 
a thermometer. The tube was then immersed in a bath at a temperature 
slightly higher than that desired for the heating of the embryo. When the 
required temperature of 60, 50, 45, 40 or 37°C. had been reached, it was 
maintained for 15 min., after which the tube was quickly cooled to room 
temperature. The radius and ulna were dissected out of both fore-paws and 
explanted on the culture medium in the usual way. The explants were trans- 
ferred to fresh medium on the 2nd day and fixed on the 4th. To produce the 
hypervitaminotic medium about 2280 i.u. vitamin A alcohol/100 ml. was 


- added to the plasma. 


The reaction of the rudiments to different temperatures was found to be 
delicately balanced. Thus rudiments from embryos heated to 60, 50 and 45° C. 
respectively for 15 min. failed to grow on normal medium, and sections showed 
that after 4 days they were necrotic; at what stage the necrosis developed was 
uncertain. They also failed to respond to hypervitaminosis A when incubated 
on AH medium, although controls from the limb removed before the embryo 
was heated gave the characteristic reaction (PI. 3, cf. figs. 23 and 24, and .25 
and 26). On the other hand, preheating to 40° C. prevented neither growth in 
normal medium nor the typical response to hypervitaminosis A (Pl. 3, ef. 
figs. 27 and 28). 

It is concluded that preheating the bones to a temperature that is just 
sufficient to inhibit growth, also inhibits the vitamin A reaction. 

The effect of heating the plasma of the culture medium. Blood plasma was 
heated to 50° C. for 15 min. in a water-bath. To part of the plasma, about 
2280 i.u. vitamin A/100 ml. was added before heating. 

Heating the plasma affected neither the growth of the bones nor their 
response to hypervitaminosis A. From this it is concluded that nothing essen- 
tial for either the growth of the bones or their reaction to hypervitaminosis A 
was destroyed. 
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IV. A comparison of the effects on explanted foetal mouse bones of 
‘natural’ and ‘artificial’ hypervitaminosis A 

In the experiments described in the preceding sections, the hypervitaminosis 
was ‘artificially’ induced by adding vitamin A acetate or alcohol to normal 
plasma. The following experiments were made to see whether the effect on 
explanted mouse bones of vitamin A, added to normal plasma in this way, was 
the same as that of a similar concentration of vitamin A introduced ‘naturally’ 
into the plasma by feeding the donor fowl on a diet rich in the vitamin. 

_ Experiments were also undertaken to see whether there was any difference 
in the state of the vitamin in the plasma in ‘artificial’ and in ‘natural’ 
hypervitaminosis respectively. 

The effect of ‘natural’ and ‘artificial’ hypervitaminosis A on late foetal mouse 
bones. Bone rudiments from mouse embryos near term, similar to those 
described in section II, were used. Three experiments were made (Exps. 16, 19 
and 23, Table 3), in which the effects on the explants of plasma from a fowl 
having hypervitaminosis A (NH medium) was compared with that of normal 
plasma to which approximately the same quantity of vitamin A acetate or 
alcohol had been added (AH medium). 

Since the ‘ artificial’ hypervitaminosis had been produced in Exps. 16 and 19 
by adding a solution of crystalline vitamin A acetate to the medium and in 
Exp. 23 by adding vitamin A alcohol extracted from avoleum (see p. 322), 
a fourth (control) experiment was made in which the effects of these two sub- 
stances on explanted mouse bones were directly compared. Ten pairs of foetal 
mouse bones were grown as follows. Four pairs: one of each pair was cultivated 
in medium containing about 1500i.u. of vitamin A acetate per 100 ml. and the 
other in normal medium; four pairs: one of each pair was grown in medium 
containing about 1500 i.u. of vitamin A alcohol from avoleum per 100 ml. 
plasma, and the other in normal medium; two pairs: one of each pair was 
grown in medium to which vitamin A acetate had been added and the other 
in medium containing vitamin A alcohol. 

The results of the first three experiments are summarized in Table 3. In the 
first experiment (Exp. 16), even after 12 days’ cultivation in the NH medium, 
the bones seemed unaffected when compared with their controls grown in 
normal medium. The only exceptions were the two fibulae in which there was 
more absorption and less deposition of bone than in the corresponding controls. 

The ‘natural’ hypervitaminosis produced some effect in the second experi- 
ment (Exp. 19) but far less than did the equivalent ‘artificial’ hypervita- 
minosis. Apart from a slight rarefaction of the bone, the explants in NH 
medium showed little change during the first 7 days, but by the 12th day they 
had shrunk to about two-thirds the size of their normal controls, the bone was 
much eroded while the cartilaginous ends had dwindled and the matrix had 
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begun to lose its basophilia (Pl. 3, cf. figs. 31 and 32). In similar bones grown 
for the same time in AH medium, the changes were much more advanced. 

The greatest effect of ‘natural’ hypervitaminosis was obtained in the third 
experiment (Exp. 23), in which the concentration of vitamin A was slightly 
higher than in the two previous experiments (see Table 3) and the foetal bones 
were rather younger and therefore more susceptible to the action of the vitamin 
(see p. 335). There was, however, a great difference between the effects of the 
‘natural’ and of the ‘artificial’ hypervitaminosis. By the 4th day, the bones 
had begun to shrink in response to both the ‘natural’ and the ‘artificial’ 
hypervitaminosis, but the shrinkage was far greater in the latter; similarly, 
while there was considerable bone absorption in the former, in the latter the 
shaft had largely disintegrated. The loss of basophilia from the cartilage 
matrix was always much more advanced in the ‘artificial’ than in the ‘natural’ 
hypervitaminosis, | 

In the fourth experiment in which the effects of vitamin A acetate and 
vitamin A alcohol were directly compared, the results showed little difference 
in the action of the two substances on explanted mouse bones, though if 
anything the vitamin A alcohol was slightly the more potent. 

It is concluded that the effect of ‘natural’ hypervitaminosis A on explanted 
foetal mouse bones is similar to but much less drastic than an equivalent 
‘artificial’ hypervitaminosis A. 

The physical condition of vitamin A in the plasma in ‘artificial’ and ‘natural’ 
hypervitaminosis. Extraction experiments showed that by shaking the plasma 
with petrol ether, much of the vitamin A could be recovered from the AH 
plasma, whether it had been added as the acetate or the alcohol, but not from 
the NH plasma. On the other hand, if the NH plasma were first treated with 
50% alcohol to denature the protein, the vitamin could then be extracted 
with petrol ether (Dzialoszynski, Mystkowski & Stewart, 1945). In the body 
itis probable that vitamin A is combined with a protein; if so, this combina- 
tion may have to be broken down before the vitamin becomes soluble in 
petrol ether. | 

It may be concluded that the state of vitamin A added to plasma in vitro 
differs from that found in the fowl plasma as a result of hypervitaminosis A. 


DISCUSSION 
The first question to consider is how the effects of hypervitaminosis A on 
long-bone rudiments in culture compare with its effects on the long bones of 
young animals. Wolbach (1947) has recorded the following changes in the 
limb bones of young hypervitaminotic guinea-pigs and rats. For the cartilage: 
(1) rapid maturation of the cartilage cells, so that vesicular chondroblasts 
extend far towards the epiphysial line; (2) relative retardation of matrix- 
formation, causing compression of the maturing cells on the diaphysial side 
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of the cartilage plate; (3) cessation of cell division in the proliferative cartilage; — 
(4) very deep and rapid penetration of the cartilage by capillaries; (5) con- 
currently rapid replacement of the cartilage by bone, resulting in premature 
closure of the epiphyses and arrest of linear growth. In the bone he observed: 
(1) acceleration of remodelling sequences, involving absorption by increased 
osteoclasis and appositional bone formation; absorption and deposition take 
place at the same sites as in normal bone development; (2) failure of the matrix 
of the newly formed bone to mature and to calcify completely; (3) fractures 
caused by excessive absorption of the old cortical bone and lack of firmness in 
the new bone. There is a quantitative relationship between the rate at which 
these changes appear in the long bones and the dose of vitamin A received by 
the animal. 

Wolbach has shown that the changes produced in the limb bones in vivo by 
hypervitaminosis A are closely related to the normal growth pattern of the 
bones. Hence, when comparing the effects of excess vitamin A on the ex- 
planted bone rudiments im vitro and on the long bones of young animals, 
certain important differences between the growth aimee of the bones in vitro 
and in vivo must be borne in mind. : 

Limb-bone rudiments of 5- to 6-day chick embryos grown in vitro do not 
acquire a marrow cavity by excavation of the cartilage nor isthe bone sub- 
jected to remodelling sequences by absorption and redeposition as in normal 
development im ovo. On the other hand, the young cartilage differentiates 
normally into hypertrophic region, zones of flattened cells and epiphyses, and 
a fairly thick single layer of bone is deposited on the surface. When hyper- 
vitaminosis A is imposed on this developmental picture, the result resembles 
somewhat that obtained in vivo in that linear growth is arrested, spontaneous 
fractures occur, differentiation of the chondroblasts is not retarded, though 
there is no conclusive evidence that it is accelerated, and ossification proceeds 
at almost the normal rate. The excavation of cartilage and the absorption of 
bone, processes which are omitted from the normal pattern of growth in these 
explants, are not induced by hypervitaminosis A, at least not during the 
culture periods of the present experiments. The most profound effect of the 
vitamin is on the cartilage matrix of chick explants. Whereas the spontaneous 
fractures which occur in vivo are due to the erosion of the old bone and the 
softness of the new, in the explants they are caused by softening of the 
intercellular material of the cartilage at its weakest point, i.e. just beyond the 
sheath of periosteal bone, so that it cannot withstand the pressure of the 
surrounding capsule of connective tissue. It is not clear whether the epiphysial 
cartilage is affected in vivo in any comparable way. Wolbach (1947) states that 
the formation of cartilage matrix in hypervitaminotic animals ‘does not keep 
pace’ with the rapid maturation of the cartilage cells ‘and in consequence, 
there is compression of the maturing cells on the diaphysial side of the 
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cartilage plate’. This observation suggests that om vivo also, there may have 
been a slight softening and even reduction of the cartilage matrix, as well as 
retardation or inhibition of its production. 3 

Late foetal mouse bones in culture present a different developmental pattern 
from that of the early chick rudiments. They are at an advanced stage of 
differentiation when explanted, with a marrow cavity, a stout shaft of bone 
and large cartilaginous ends. During cultivation they enlarge a little, but 
much less than do the chick rudiments. Their formative processes are greatly 
reduced in vitro, probably owing to the sudden abolition of a blood supply 
from such very vascular structures; endochondral ossification ceases and not 
- much periosteal bone is formed. Excavation of the cartilage and absorption 
of bone continue, however, and most of the skeletal cells survive in a healthy 
condition, though in a state of depressed functional activity. 

Hypervitaminosis A affects this histological picture rather differently from 
that of the chick explants. The absorption of cartilage and bone is enormously 
accelerated as in vivo, but the old bone is not replaced by new osteoid tissue 
as it is in the limb bones of the animal, so that in culture the shaft disappears 
altogether. The cartilage shows the same remarkable changes as appear in the 
hypervitaminotic chick rudiments, but in the mouse the dissolution of the 
matrix is so rapid and complete that in 7-10 days the intercellular material 
has gone entirely, leaving the chondroblasts naked. 

It remains to consider why the vitamin should have a far more drastic 
effect on the explanted bone rudiments in our experiments than it has on the 
long bones of hypervitaminotic animals. There appear to be two main reasons, 
though other factors may also be concerned. In the first place, as shown in 
section IV, excess vitamin A introduced ‘naturally’ into the plasma by feeding 
the donor fowl has a much lower biological activity than when it is added to 
normal plasma, though its action on the explants is qualitatively similar in 
both cases. In the second place, the experiments in section II demonstrated 

_ that the bones of younger mouse embryos are much more susceptible to 
_ hypervitaminosis A than those of older foetuses, which in turn react more 
quickly than the bones of 3-day infant mice. It seems likely, therefore, that 
the bones of young weanling animals such as are used to study the action of 
hypervitaminosis A in vivo, would be still less sensitive to the vitamin. 

_ The question arises as to why the bones of the younger foetuses should be 
more susceptible to hypervitaminosis A than those of older embryos and 
infant animals. It has been shown that cartilage killed by mechanical damage 
or by heating to a temperature (45° C.) just sufficient to kill the cells, fails to 
respond to vitamin A. From this we conclude that the effect of vitamin A is 
not directly on the intercellular material but depends on the activities of living 
cells, The younger the bone, the greater is the proportion of cellular to 
intercellular material, and the less are the hardness and density of the latter; 
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it is probably these factors which determine the degree of the effect of 
hypervitaminosis A. 

Many aspects of this problem remain obscure. At present we do not know 
how the metabolism of the cells is altered by hypervitaminosis A, what 
chemical changes are produced in the cartilage matrix or how far the effects 
of the vitamin are reversible. Further studies are planned which we hope may 
shed light on these and other questions. 


| SUMMARY 

1, Experiments were made to study the effect of hypervitaminosis A on 
embryonic long bones growing under the simplified environmental conditions 
provided by tissue culture. | 

2. Pairs of limb-bone rudiments from 5- to 6-day chick embryos and foetal 
mice near term, were cultivated by the watch-glass method. One of each pair 
was grown in hypervitaminotic and the other in normal medium. 

3. In normal medium the chick rudiments sometimes grew to more than 
four times their original length, the cartilage differentiated into hypertrophic 


_ Tegion, zones of flattened cells and epiphyses; a layer of periosteal bone was 


deposited but no marrow cavity was formed by excavation of the cartilage, 
as occurs in vivo. | 

4. In medium to which excess vitamin A alcohol had been added growth 
was arrested, but the cartilage differentiated at the normal rate and ossification 
was only slightly reduced. The cartilage matrix was greatly affected ; it shrank, 
softened and lost its basophilia and metachromasia while its affinity for 
van Gieson’s stain was much increased. There was no excavation of cartilage 
or absorption of bone. The surrounding soft tissue grew profusely. 

5. These changes were not associated with cell degeneration. 

6. The severity of the effect was correlated with the concentration of 
vitamin in the culture medium. 

7. Late foetal mouse bones in normal medium enlarged, but much less than 
the chick rudiments; endochrondral ossification ceased, but a little more 
periosteal bone was formed in some explants. Excavation of the cartilage and 
absorption of the spongy bone continued in vitro; necrosis was usually slight. 

8. The addition of vitamin A acetate or alcohol to the medium had a drastic 
effect on the mouse explants. The cartilage matrix rapidly dwindled, lost its 
metachromasia and finally disappeared, leaving the chondroblasts naked. The 
bone was quickly absorbed, though in most experiments few osteoclasts were 
present, it was not replaced by new osteoid tissue. 

9. The younger the foetuses from which the long bones wefe aad the 
greater was the effect of the vitamin A. 

10. The higher the concentration of added vitamin A in the medium, the 
more rapid was its effect on the explanted mouse bones. 3 
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11. Mechanically damaged cartilage, in which the cells were dead, did not 
respond to hypervitaminosis A like the adjacent living cartilage. 

12. Heating the mouse bones to 45° C. prevented their growth in normal 
medium and their characteristic reaction to hypervitaminosis A; heating to 
40° C. did not affect either their growth in normal medium or their response 
to hypervitaminosis A. 

13. ‘Natural’ hypervitaminosis A obtained by using olaamk from a hyper- 
vitaminotic fowl for the culture medium, had a qualitatively similar but far less 
drastic effect on explanted foetal mouse bones than ‘artificial’ hypervita- 
minosis A produced by adding the same quantity of vitamin A acetate or 
alcohol to normal plasma. 

14, Extraction experiments showed that whereas much of the added 
vitamin A can be removed from the plasma by petrol ether, it cannot be 
extracted from the ‘natural’ hypervitaminotic plasma unless the protein has 
first been denatured with 50% alcohol. | 

15. It was concluded that: (a) vitamin A in concentrations similar to those 
produced in the blood of hypervitaminotic animals, has a direct action on 
cartilage and bone in vitro; (b) the severity of the effect depends on (1) the 
concentration of the vitamin in the culture medium and (2) the proportion of 
skeletal cells to intercellular material in the explanted rudiment; (c) the 
character of the vitamin A effect is correlated with the developmental pattern 
of the explant under normal conditions of culture, and is probably an exag- 
gerated form of that produced in the bones of young animals by hypervita- 
minosis A; (d) vitamin A has a lower biological activity and is in a different 
state in the blood plasma of a hypervitaminotic animal than when it is added 
directly to normal plasma. 
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EXPLANATION OF PLATES 
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except figs. 23-28 which were the work of Mr R. J. C. Stewart (National Institute for Medical 
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Abbreviations 
de degenerate cells pb periosteal bone 
ep epiphysis pf pressure fibrils 
m  metachromasia zfc zone of flattened cells 
mdc mechanically damaged cartilage zhe zone of hypertrophic cells 
Prats 1 


Fig. 1, Femur froma6-day chick embryo st stage 3 (cee p. $24). Hypertrophy of tha cartilage 


cells is just beginning in the middle segment of the shaft, but no bone has formed. x 19. 
_ (Delafield’s haematoxylin, chromotrop.) 

Fig. 2. Control femur (Exp. 46) explanted at a slightly earlier stage (stage 2) than that shown in 
fig. 1, and cultivated in normal medium for 9 days. (Camera lucida drawings of this femur 
in life are shown in Text-fig. 1). Note the great enlargement that has taken place in vitro, and 
the differentiation of the cartilage into hypertrophic region, zones of flattened cells and 
epiphyses. The cartilage matrix is strongly basophilic. x19. (Delafield’s haematoxylin, 
chromotrop.) 

Fig. 3. Femur from the opposite side of the same chick as shown in Fig. 2, after 9 days’ cultivation 
in AH medium (see Text-fig. 1). Note the small size of the explant and the loss of basophilia 
from the matrix; the condylar end is nearly detached from the shaft. x19. (Delafield’s 
haematoxylin, chromotrop.) 

Fig. 4. Part of the diaphysial region of the section shown in fig. 2. Note the layer of periosteal 
bone which has been deposited on the surface of the cartilage, the vacuolated hypertrophic 
chondroblasts and the broad intercellular partitions of strongly basophilic matrix. x 400. 

Fig. 5. Part of the diaphysial region of the section shown in fig. 3. Note the periosteal bone and 
the loss of basophilia from the cartilage matrix; the chondroblasts are smaller and less 
vacuolated than those of fig. 4, but have not degenerated. x 400. 

Fig. 6. Proximal end of a control humerus (Exp. 3, after 11 days’ 
cultivation in normal medium (see Text-fig. 2). The three zones of cartilage are highly de- 
veloped and a fairly thick layer of periosteal bone has been formed. x37. (Delafield’s 
haematoxylin, chromotrop.) 
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Fig. 7. Proximal end of the opposite humerus from the same embryo as that shown in fig. 6, 
after 11 days’ cultivation in AH medium (see Text-fig. 2). The end of the humerus has 
become detached and displaced, the periosteal bone is spreading diffusely from the broken 
end of the shaft and the cartilage matrix of the hypertrophic region has lost much of its 
basophilia. x37. (Delafield’s haematoxylin, chromotrop.) 

Fig. 8. Proximal end of a humerus (Exp. 43) from a chick embryo at stage 3, after 4 days in AH 
medium. This shows an early stage in the detachment of the end; the shaft is constricted just 
beyond the proximal limit of the periosteal bone, the cartilage cells are compressed and some 
are degenerate. x52. (Delafield’s haematoxylin, chromotrop.) 

Fig. 9. Radius (Exp. 47) from a chick embryo at stage 4, after 7 days’ sdnsisaten tes ANGenbtinm. 
Metachromasia has begun to disappear from the peripheral cartilage of the shaft. x 19. 
(Toluidine blue.) 

Fig. 10. Control radius from the same embryo as that shown in fig. 9, after 7 days’ cultivation in 
normal medium. Note the intense metachromasia of the cartilage matrix. x19. (Toluidine 
blue.) 

Fig. 11. Part of the diaphysial region of the section shown in fig. 9. Note the narrow intercellular 
partitions in the cartilage, and the compact arrangement and healthy appearance of the 
chondroblasts. x 400. 

Fig. 12. Part of the diaphysial region of the section shown in fig. 10. Note the broad, intensely 
staining metachromatic intercellular partitions; the shape of the chondroblasts is less 
regular than in the hypervitaminotic cartilage shown in fig. 11. x 400. 

Fig. 13. Humerus (Exp. 50) from a chick embryo at stage 2, after 11 days’ cultivation in AH 
medium. One end is completely and the other nearly detached and metachromasia has 
disappeared from the cartilage except in the interior of the two ends. Most of the cells in 
this explant appeared healthy. x24. (Toluidine blue.) 

Fig. 14. Section of the same humerus as that shown in fig. 13, stained with celestine blue, haematin 
and van Gieson’s solution. All the cartilage stains bright pink with van Gieson’s stain except 
the two regions which in the previous section retained their metachromasia; note the pressure 
fibrils in the cartilage at either end of the shaft. x 24. 

Fig. 15. Normal radius (Exp. 52) from a late mouse foetus. Note the large terminal cartilages, 
stout shaft of bone and the marrow cavity permeated by endochondral bone trabeculae. 
x 23. (Celestine blue, haematin, van Gieson.) 

Fig. 16. Control radius (Exp. 52) from a late mouse foetus after 7 days’ cultivation in normal 
medium (see Text-fig. 3). The rudiment has enlarged slightly, much of the endochondral bone 
has been absorbed and endochondral ossification has ceased; the terminal cartilage is being 
invaded in an irregular way by tissue from the marrow cavity. x23. (Celestine blue, 
haematin, van Gieson.) 

Fig. 17. Opposite radius from the same foetus as the control shown in Fig. 16, after 7 days’ cultiva- 
tion in AH medium (see Text-fig. 3). Note the enormous shrinkage of the entire rudiment, 
the extensive absorption of the bone and the density of the marrow reticulum. x 23. 
(Celestine blue, haematin, van Gieson.) 

Fig. 18. The same control as that seen in fig. 16, showing the large, metachromatic terminal 
cartilages. x23. (Toluidine blue.) 

Fig. 19. The same hypervitaminotic radius as that shown in fig. 17. The terminal cartilage has 
disappeared. x23. (Toluidine blue.) 

Fig. 20. Radius of foetal mouse (Exp. 7) after 10 days’ cultivation in AH medium. Nothing 
of the original rudiment remains except a nodule of mechanically damaged cartilage and 
a few spicules of bone. x82. (Delafield’s haematoxylin, chromotrop.) 

Fig. 21. Terminal cartilage of foetal mouse radius (Exp. 52) after 4 days’ cultivation in AH 

medium. The cartilage matrix has almost completely lost its metachromasia which persists 
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Fig. 22. Terminal cartilage of foetal mouse radius (Exp. 51) after 4 days’ cultivation in AH medium. 
Except in a crescent of mechanically damaged cartilage on the right, the matrix has com- 
pletely disappeared and the liberated chondroblasts, which appear healthy, seem to be 
wandering away from the surface of the explant. x 220. (Toluidine blue.) 


PiatE 3 


Fig. 23. Unheated radius of foetal mouse cultivated in AH medium for 4 days. The cartilage has 
nearly gone and the bone is much eroded. x34. (Thionine, eosin.) 

Fig. 24. Radius from the opposite side of the same mouse, heated at 45° C. for 15 min. and then 
cultivated for 4 days in AH medium. This explant did not grow and failed to respond to the 
hypervitaminosis A. x34, (Thionine, eosin.) 

Fig. 25. An area of cartilage in the section shown in fig. 23. The matrix has almost disappeared, 
but the chondroblasts look healthy. x 565. 

Fig. 26. An area of cartilage in the section shown in fig. 24. There is no loss of matrix, but the 
chondroblasts are necrotic. x 565. 

Fig. 27. Unheated radius of foetal mouse cultivated in AH medium for 4 days. The rudiment 
shows the characteristic response to hypervitaminosis A. x34. (Thionine, eosin.) 

Fig. 28. Radius from the opposite side of the same foetus, heated at 40° C. for 15 min. and cul- 
tivated in AH medium for 4 days. Heating at 40° C. has not aliscted the response of the 
explant to hypervitaminosis A. x34. (Thionine, eosin.) 

Fig. 29. Radius from a mouse foetus (Exp. 19) after 7 days’ cultivation in ‘artificial’ hypervita- 
minosis, The explant shows the usual response to excess vitamin A added to the medium. 

x23. (Delafield’s haematoxylin, chromotrop.) 

Fig. 30. Radius from the same foetus after 7 days’ cultivation in ‘natural’ hypervitaminosis. 
Although the medium contained approximately the same quantity of vitamin A as was 
added to the AH medium, the rudiment appears unaffected. x 23. (Delafield’s haematoxylin, 
chromotrop. ) 

Fig. 31. Distal end of a control tibia of a mouse foetus from the same experiment (Exp. 19) as 
the explants shown in the two preceding figures. The explant was grown in normal medium 
for 12 days. Note the large terminal cartilage with strongly basophilic matrix. x35. 
(Delafield’s haematoxylin, chromotrop.) 

Fig. 32. Distal end of the opposite tibia of the same foetus as that shown in fig. 31, after 12 days’ 
cultivation in NH medium. Note the greatly reduced cartilage, the matrix of which is 
chromotrop.) 
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THE REFLEXION OF LIGHT FROM THE MACULAR AND 
PERIPHERAL FUNDUS OCULI IN MAN 


By G. 8. BRINDLEY anp E. N. WILLMER 
From the Physiological Laboratory, U niversity of Cambridge 
(Received 24 October 1951) 


It has long been disputed whether the yellow pigment of the human macula is 
present in life or is a post-mortem artifact: most physiologists have taken the 
former view, but Gullstrand (1906, 1907) and Hartridge (1947) have argued in 
favour of the latter. Subjective tests on the differences between the spectral 
sensitivity of the macula as compared with the periphery, as made by Abney 
(1895), Wald (1945) and others, are all open to the objection that the receptors 
present in the two fields may differ in their spectral sensitivities or in their 
contribution to luminosity. 

A difference in colour between the macular and peripheral parts of the fundus 
oculi is certainly difficult to see by ordinary direct ophthalmoscopy but it is not 
impossible, and it can be seen more easily if a red-absorbing filter is used. The 
experiments here described were designed to measure this difference and 
obtain spectral reflexion curves for macular and peripheral regions of the 
fundus, using an optical system similar to that employed in retinoscopy to 
measure the refraction of the eye, but substituting a single oblique glass plate 
for the perforated retinoscopy mirror in order to avoid the gap in the retinal 
image caused by the hole, and incidentally (though this has no advantage over 
the reverse arrangement and was dictated only by mechanical considerations 


in the apparatus available) interchanging the positions of the light source and 
the observer. 
METHODS 

The apparatus, which was set up in a dark room, is shown in Fig. 1. The light source was a 6 V., 
18 amp. ribbon filament lamp (A) run from the a.c, mains with a transformer, the voltage being 
controlled by a rheostat in the primary circuit. An image of the filament was formed by the lens 
(B) on the input slit (C) of a Hilger single monochromator. An image of the exit slit (F) of the 
monochromator 10 mm. in width and about 30 mm. in height was formed by the lens combination 
(@) in the plane of the pupil of the subject’s eye (M), the light passing through the glass plate (K) 
at an angle of 49° to the normal. The subject’s head was held in position by a rigidly clamped 
dental impression. The pupil of the eye used was dilated with homatropine and cocaine. 

The field of light seen by the subject was a circle of 1° 11’ diameter determined by the stop (D) 
symmetrically truncated by two vertical straight lines 51’ apart determined by the edges (Z,) and 
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(B,) of the monochromator prism (£). The image of the stop (D) formed by the lenses (N) and (() 
was in the plane (H), 65 cm. from (M) and those of the edges (H,) and (,) were very close to this 
plane. The spectacle lens (L) corrected to refraction of (M) for this distance, i.e. allowed an image 
of the plane (#) to be formed on (M)’s retina. Since 65 cm. was also the distance of the image of 
(M) in (K) from (0), an image of the illuminated area of (M)'s retina was formed at (0). 


A 
f | 
E 
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Fig. 1. Diagram of the apparatus. A, light source, ribbon filament lamp; B, lens; C, entrance slit 
of monochromator; D, stop; Z, prism; F, exit slit of monochromator; G, lens; H, plane of 
image of stop D; K, microscope slide; L, lens for correcting refraction of eye; M,eye of subject; 
N, lens; O, eye of observer; P, neutral wedge; Q, neutral filter; R, right-angled prism; 
8, screen. 


The observer at (O) saw two fields of light. One was the image of the pupil of the subject’s eye 
(M) in (K). This appeared uniformly illuminated except for the corneal reflex, which was not 
found troublesome except when the field was very dim. The other field, rectangular in shape and 


of about the same size, was formed by light which had first been reflected by (K), then returned — 


along its own path by the right-angled prism (R) and transmitted by (K) on its return, passing 
twice through the neutral wedge (P) and the neutral filter (Q). The position of (R) was so adjusted 
that the two fields touched but did not substantially overlap. The observer matched the two in 
brightness by adjusting the wedge (P), the filter (Q) being kept always the same. 
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Now if the fundus were, like the prism R, a perfect specularly reflecting surface returning all 
incident light back along its own path without loss of polarization, the paths providing the two 
fields would be equivalent except for loss by reflexion and absorption, and would match in 
intensity when the fractions lost by reflexion and absorption were the same in each. The true state 
of affairs departs from this ideal in three ways. 

(i) Most of the light incident on the fundus is absorbed and only a small fraction reflected. 

(ii) Of the light reflected not all is returned along its own path. 

(iii) Any polarization of the incident light is, as far as we have been able to detect, completely 
lost on reflexion. In these circumstances the two fields will match when 
Fraction transmitted by the absorbing components in the path K-R-K 
Fraction transmitted by the absorbing components in the path K-M-K 

=(Fraction of light incident on the fundus which is reflected) 

x (Fraction of the total reflected light which is returned through the pupil) 

x (Correction for loss of the partial polarization due to the plate K on reflexion by ¢). 
Let us abbreviate this equation to ‘X,=X, X, X,’, the symbols representing the factors in the 
order in which they have been written. Our task, in this notation, was to determine X,. To do it, 
we made three assumptions: ' 


(i) That losses by reflexion and absorption at the surfaces and in the media of the eye M were 


equal to those due to the front surface and glass of the prism R, so that X, =(7',,* T,*)/T,*, where 
T,, T, and Tare the fractions transmitted at the wave-length used by the wedge P, the filter Q and 


the lens L respectively. This assumption is probably nearly correct under the conditions of the — 


experiment; it would not be so for shorter wave-lengths or for older subjects. 

(ii) That the fundus is a perfect diffusing surface, i.e. that the amount of light reflected by a small 
element of area 8A into a small element of solid angle 5w at 6° from the normal is proportional to 
5A dw cos @. From this it can easily be shown that to a close approximation X, =r*/d*, where r is 
the radius of the pupil as measured by orthogonal optical projection through the cornea and d is 
the distance from the reflecting surface of the fundus to the anterior surface of the cornea. 
A value of 23 mm. was assumed for d. 

The perfectly diffusing property of the fundus was roughly tested by narrowing the slit F until 
only a small part of the centre or one margin of the pupil was illuminated. No departure from 
uniformity in the illumination of the pupil by reflected light could be seen from O whether M’s 
foveal centre or periphery was used. 

(iii) That the partial polarization of light transmitted through K was completely destroyed by 
reflexion from the fundus of M, but that of light reflected by K was unchanged by reflexion from 
the prism R. We confirmed experimentally that this is very nearly true. It can be deduced that 
the relative intensity as seen from O of the field which suffers complete loss of polarization on 


reflexion is greater than it would be if it suffered no loss by a factor 


2(a, 1) 

where a, is the ratio of reflexion fractions and «, that of transmission fractions of K for vertically 
and horizontally polarized light. «, and «, were determined experimentally and the correction 


factor found to be 0-85, i.e. not sufficiently different from 1 for any possible errors in its determina- 


tion to be of great importance. 

It may be noted that any inaccuracies introduced by our three assumptions, though they affect 
the values of the reflexion fractions themselves, do not affect the ratios of macular to peripheral 
reflexion fractions from which properties of macular pigment are inferred. 

Introducing now the values given by the three assumptions, the equation from which reflexion 
fractions were calculated is: 


T 27 2d? 2 2(a, 1) T 27,2 23% 


where r is in mm. 
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Subjects. Two subjects were selected out of four examined, the others being rejected on account 
of a tigroid pattern of fundus background. G.S.B. and C.H. had both almost uniformly coloured 
fundus background except for macular pigment. G.S.B. was aged 25 and C.H. 20 years. G.S.B. 
was about 1D. hypermetropic, requiring at (L), when homatropinized, +3D. at wave-length 
680 mp. and +2D. at wave-length 460 my.; C.H., practically emmetropic, requiring +2D. at 
680 mp, and +1D. at 460 mp. 


RESULTS 
The light-adapted eye 

Observations were made on the light-adapted eye throughout the spectrum 
from wave-length 680-460 my., using alternately the foveal centre and an 
area 9° 30’ above and nasal to it. With the shorter wave-lengths the entry slit 
(C) of the monochromator was widened to compensate for the greater 
dispersion of the prism (#). Wave-lengths shorter than 460 mp. could not be 
used owing to the low intensity of violet light emitted by the lamp and the 
low reflecting power of the macula in this part of the spectrum. The results are 
plotted in Fig. 2 in the form — log, (fraction reflected), i.e. 


logio 23? 0-86 |. 
i 


29 
G.S.B. 
23 
244 Macula 
Periphery + 
= + 
1 06 Macular pigmentation | Macular pigmentation 


500° 540 G60 460" 500 540 580” 620” 660 
Wave-length (my.) 


Fig. 2. Continuous lines: the absorption of light by the macula and periphery respectively in two 


subjects, G.S.B. and C.H. Broken lines: the differences between the fractions reflected by the 
macula and the periphery, i.e. the absorption caused by macular pigmentation. The total 
length of each vertical straight line is twice the standard error of the difference of means. 


For subject G.S.B. each point is derived from the-mean of from four to ten 
observations made in three separate experiments. For subject C.H. each is 
derived from the mean of three observations made in a single experiment. The 
difference between macular and peripheral log reflexion fractions for each 
wave-length is plotted below and the standard error of each difference of means 
indicated. The random errors of observation are probably larger than errors of 
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any other kind affecting the differences, but for the log reflexion fractions 
themselves, the assumptions made concerning absorption within the eye and 
the perfectly diffusing property of the fundus may have introduced errors 
larger than those of observation. 


The dark-adapted eye 


An attempt was made by two methods to detect the bleaching of visual — 


purple in the dark-adapted peripheral retina of G.S.B. First, the log reflexion 
fraction at 510 mp. was determined for one area of the peripheral fundus 
9° 30’ from the foveal centre in the light-adapted eye, and again after dark- 
adaptation for 1 hr. No significant difference was found. It was thought likely 
that, during the time taken for the measurement of the reflexion fraction in 
the dark-adapted eye, the brilliant illumination of the area being measured 
(i.e. about 3 x 10 times scotopic threshold) might have destroyed all its dark- 
adaptation. 
_ A second method was therefore used. Five fixation points were marked on 
the screen (S), so that when the subject fixed on them in turn, five areas of 
peripheral fundus arranged round the foveal centre at distances of 7° to 10° 
could be investigated. The subject’s left eye was dark-adapted for at least 1 hr. 
(in one experiment for 10 hr.) and matches made rapidly for each of the five 
regions in turn, at less than 10, at 30 and at 60 sec. after the subject had begun 
to fix on the appropriate mark. By this method the mean reflexion fractions 
at 500 and at 540 my., 30 sec. after beginning light-adaptation, were found to 
exceed those at <10sec. by a small but significant amount, and those at 
60 sec. to exceed those at 30 sec. by a very small and probably insignificant 
amount. The mean values of (log reflexion fraction at < 10 sec.) — (log reflexion 


fraction at 60 sec.) were: 
at 500 my. 0-032 + 0-007 (s.z. of mean of 15 observations); 
540 mp. 0-027 + 0-009 (s.z. of mean of 10 observations) ; 
580 mp. 0-022 + 0-012 of mean of 5 observations). 


DISCUSSION 
If it may be assumed: (1) that most of the light reflected from the fundus is 
not merely reflected from the retina, but has passed through the retina, been 
reflected by the pigment epithelium and choroid and then returned through 
the retina; and (2) that the reflecting properties of the pigment epithelium and 
choroid are the same in macula and periphery, then the difference in log 
reflexion fractions between macula and periphery represents twice the difference 
in optical density between macular and peripheral retina. The first of these 


assumptions is well supported by ophthalmoscopic appearances. The second — 


can be justified only by the absence of any anatomical evidence suggesting the 
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contrary, and the good agreement in both magnitude and spectral distribution 
between our estimate of the difference between macular and peripheral retinal 
light absorption and other estimates obtained by methods whose potential 
errors are of quite different kinds, Such estimates would include those of 
Abney (1895), Krawkow (1925) and Wald (1945), who compared macular and 
peripheral photopic luminosity curves, of Thomson (1951) who compared the 
foveal luminosity curves of different individuals, of Stiles (1950, personal 
communication) who compared the sensitivity of the ‘blue mechanism’ in the 


fovea and in the periphery, and of Sachs (1891) who measured the absorption 


spectrum of maculae excised within 3 hr. of death. 
It is unlikely that the differences which we have found are entirely due to 


one pigment. The xanthophyll extracted by Wald from human maculae, which — 


seems likely to be responsible for most of the large difference in the blue, 
cannot account for the smaller difference throughout the rest of the spectrum. 
It is possible that this difference is due to a difference in the pigment epithelium 
or choroid, contrary to our assumption. On the other hand, it may well be due 
to another pigment present in the macular retina in addition to Wald’s 
xanthophyll, and Wald’s own estimate of macular pigment by comparison of 
macular and peripheral luminosity curves gives some support to this view. 
The presence of blood in retinal capillaries in the periphery and possibly of 
visual purple even in the light-adapted eye provide further reasons why no 
estimate of the differences in absorption spectrum between macular and peri- 
pheral retina, however accurate, can be expected to agree exactly with the 
spectrum of a pure substance extractable from the macula. 

From the reflexion fraction for the peripheral fundus we can estimate the 
magnitude of one of the sources of stray light in the eye, namely the light 
reflected from other parts of the fundus. For uniform illumination of a perfectly 
diffusing fundus this would be a fraction: 


Ee angle subtended by pupil, iris and ora serrata 


of the retinal illumination, and for non-uniform illumination very roughly this 
same fraction of the mean retinal illumination. For either of the two eyes 
examined this would be roughly 1/60 of the mean retinal illumination for blue 
or green light, 1/50 for yellow, and 1/20 to 1/30 for red. Since also its visual 
effectiveness must be reduced by its obliquity, owing to the Stiles-Crawford 
effect, it seems that this kind of stray light can rarely be significant in the 
normal eye. 

The values obtained for the difference in density of visual purple between 
the dark-adapted and light-adapted periphery are surprisingly small, repre- 
senting only density 0-016 or 3:8% absorption of 500 mu. for a single journey 
through the retina. The total density of visual purple in the dark-adapted eye 
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must be greater than this, for Hecht, Shlaer & Pirenne (1942). showed that 
their subjects could see on 60% of trials flashes containing 54-148 quanta at 
510 mp. at the cornea, and that the frequency-of-seeing functions were 
inconsistent with less than 6 quanta being required for seeing a flash. Thus, 
allowing for about 50% loss by reflexion, absorption and scattering in the eye, 
at least 8-22% of light at 510 my. incident on the dark-adapted peripheral 
retina must be absorbed by visual purple. If then the present results could be 


- accepted as giving the whole difference in density of visual purple between the 


dark-adapted and light-adapted retina, they would imply that dark-adaptation 
was not mainly due to an increase in the amount of visual purple in the retina. 
However, our estimate is almost certainly too low, because some of the visual 
purple must be bleached before the first of our three readings can be taken, and 
possibly some remains still to be bleached after the last; though subsequent 
readings did not differ significantly from those taken at 60sec. It is not 
impossible that improvements in technique might give values for the difference 
between absorption by the dark and the light-adapted retina which would be 
consistent with the bleaching of all the visual purple during light-adaptation. 


SUMMARY | 

1. Estimates of macular pigmentation in the living eye have been made by 
comparing the reflexion of light from the macula with that from a peripheral 
area. The results are in general agreement with previous estimates obtained 
by other means. 

2. Attempts by the same technique to assess the difference in amount of 
visual purple present in the dark-adapted and in the light-adapted eye gave 
a surprisingly small difference. 

3. It is concluded that the amount of light which under normal conditions 
is reflected within the eye and which could stimulate other parts of the retina 
is a very small fraction of the incident light. 


_ The authors are indebted to the Royal Society Government Grants Committee for defraying the 
cost of the apparatus. G. 8. Brindley holds a studentship in research methods granted to him by 
the Medical Research Council. 
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THE EFFECT OF ADRENALINE ON THE CONTRACTION 
| OF MAMMALIAN SKELETAL MUSCLE 


By M. GOFFART anv J. M. RITCHIE 
From the Department of Physiology, University College, London 


(Received 26 October 1951) 


Brown, Biilbring & Burns (1948) showed that the main site of action of 
adrenaline on the fatigued mammalian muscle is the muscle fibre itself, and 
that adrenaline can augment the twitch tension under circumstances in which 
no failure of neuromuscular transmission can be demonstrated. A fatigued 
state of the muscle is not necessary for the demonstration of the potentiating 
action of adrenaline on the mammalian muscle twitch (Goffart & Brown, 1947). 


Evidence has been provided that the effect is dependent on the ionic balance — 


in the fluid surrounding the muscle (Goffart & Brown, 1947; Goffart, 1949) 
and in the muscle itself (Goffart, 1947). Other effects of adrenaline are an 
increase in demarcation potential (Brown, Goffart & Vianna Dias, 1950) and 


a decrease in K* loss from the muscle (Goffart & Perry, 1951). These effects — 


run roughly parallel to the changes in tension developed by single maximal 


_ twitches, but neither of these two last factors seems to be directly responsible 


for the mechanical potentiation induced by adrenaline. We have no knowledge 
of the precise mechanism whereby adrenaline exerts its effect, and we there- 


_ fore thought it might be of value to study the action of this hormone on various 


mechanical characteristics of the muscle. We have reached the conclusion that 


adrenaline prolongs the active state (Hill, 19495), and that this ancoutits for 


the increase in ‘Tension obtained in maximal Swans: 


METHODS 

In some experiments cats were used; they were anaesthetized with chloralose, the tibialis anterior 
was prepared for close arterial injection and tension recorded on the smoked drum (Brown, 1938). 

Most of the experiments were made on the isolated phrenic-diaphragm preparation of the rat 
(Bilbring, 1946) and the original technique was followed closely except that strips of muscle 
5-11 mm. in width were employed. The muscle was clamped at its rib end and mounted under 
slight tension on a multielectrode assembly similar to that described by Hill (19496), and by 
Abbott & Ritchie (19515). The muscle pulled vertically through a light inextensible chain attached 
to a piezo-electric crystal (Abbott & Ritchie, 1951a). Under these conditions the tension recorded 
was strictly isometric; the Rochelle salt crystal (‘bender type’) held at the ends, gave an output 
of 0-23 V. for s tension of 1000 dynes suddenly applied in the middle with « movement of only 
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2-2, n. The time constant of the crystal was 200 msec. The voltage produced in it was fed through 
a cathode follower into  d.c. amplifier, displayed on a cathode-ray tube and photographed on 
film. 

A crystal, though it accurately follows rapid tension changes, alters the form of the recorded 
tension-time curve of a muscle twitch. In later experiments therefore it was replaced by an 
R.C.A. 5734 mechano-electronic transducer valve. 

Isotonic twitches were also recorded by means of a light lever and a twin photocell system 
described by Hill (19492). 3 

The muscle was stimulated with maximal nerve volleys at 10 or 20 sec. intervals for a period of 
between 2 min. and 1 hr. before the experiment proper began. Stimulation was then applied to 
the nerve or directly to the curarized muscle, The direct stimulation was made either through 
electrodes at one end of the muscle or through a series of cathodes and anodes disposed alternately 
3 mm. apart along the length of the muscle. The stimulating current was derived from an elec- 
tronic stimulator described by Attree (1950). Throughout the experiment the muscle was im- 
mersed in Tyrode’s solution usually at 37° C. and a mixture of 5% CO, and 95% O, was bubbled 
through the bath. 

Adrenaline hydrochloride prepared from the base or the ‘Parke, Davis and Co.’ adrenaline 
solution was used in the final concentration of 1 x 10-* (w/v). For curarization, p-tubocurarine 
2 x 10-* (w/v) was employed. pts 


RESULTS 
Action of adrenaline on maximal tetanic tension 


Adrenaline is known to increase the maximal twitch tension of the unfatigued 


mammalian muscle, but there is no clear information on what it does to the 
peak tetanic tension, in other words, to the maximal force a normal muscle 
can develop. A cat’s tibialis muscle was excited through its nerve by maximal 
nerve volleys every 10sec. A tetanus of 2 sec. duration and at a frequency of 
100 or 200 per sec. was interpolated. The tetanus was followed by the ordinary 
post-tetanic potentiation (Feng, Lee, Meng & Wang, 1938; Brown & Euler, 
1938), and, when this had disappeared, similar tetanic stimulation was applied. 
After three such controls, a close arterial injection of 10g. adrenaline was 
made and 2-5 min. later, when the potentiation of the single twitch reached 
its maximum, a similar tetanus was produced. After half an hour the adrena- 
line effect had completely disappeared and three more records of tetani were 
then obtained at 15 min. intervals as controls. Fig. 1 shows that a dose of 
adrenaline which increases the single twitches by 15%, very slightly decreased 
the maximal tetanic tension. The first tetanus after the effect of adrenaline on 
the single twitches had disappeared was still depressed, but later tetani 
recovered. 

Using the same technique, we found that close arterial injection of 1:5 mg. 
potassium chloride or 5-10 mg. caffeine, or a previous tetanus—processes 
which are known to increase the twitch tension without inducing repetitive 
responses—did not significantly alter the peak tetanic tension. These experi- 
ments confirm the results of Huidobro & Amenabar (1945) with caffeine, but, 
whereas we found in our experimental conditions that potassium chloride did 
not affect a subsequent tetanus, Aubert & de Loof (1948) showed that after 


4 
a 
~ 
t 
* 
if 
‘ 
j 
1 
} 
i 


_ ADRENALINE ON SKELETAL MUSCLE 359 


half an hour’s equilibrium of a frog’s sartorius with a Ringer’s solution with 
doubled potassium concentration the tetanic tension was reduced by 9%. 

Thus we are dealing with a process in which the twitch tension is increased, 
but the tetanic tension is unaltered or even slightly decreased. 


Fig. 1. Cat, 23 kg. Chloralose. Tibialis anterior stimulated maximally every 10 seo. through its 
nerve. 1, 1-19 p.m. 2 sec. tetanus at a frequency of 100 per sec.; 2, 1-31 p.m. as in 1; 
3, 1-48 p.m. at arrow 10g. adrenaline injected close arterially, followed 4 min. later by the 
same tetanus as in 1; 4, 2:19 p.m. as in 1; 5, 14-35 p.m. as in 1. 


Some characteristics of the rat diaphragm preparation : 

The isolated phrenic-diaphragm preparation of the rat was chosen as one 
convenient for a more detailed study of the effects of adrenaline on the 
various mechanical characteristics of the muscle twitch. The fibres of this 
muscle lie parallel to each other, and strips can be isolated without any great 
damage to the fibres. The dissected strips were generally 15-17 mm. long. 


A strip 7mm. wide, weighing 52-5 mg. developed 8 g. tension in a single 


maximal twitch, under 1-2 g. initial tension; the greatest force exerted in 
a tetanus by this strip was 50 g. This represents a force of 1-62 kg./sq. cm. 
cross-section, a value which compares favourably with that of about 2 kg./ 
sq.cm. found by Hill (1939) in the frog’s sartorius. The tetanus/twitch ratio for 
the rat diaphragm is thus much higher than that of some other mammalian 
muscles at body temperature; it has varied from 6 to 10, the mean of ten 
experiments being 7-3. 

The time from the stimulus to the peak of the twitch tension curve was 
16-21 msec.; this includes a latency of about 3 msec. when the stimulus was 
applied to the nerve and a latency of about 1-5 msec. when the muscle was 
directly stimulated simultaneously at many points (see Fig. 4). The figures for 
contraction time and tetanus/twitch ratio agree with the results of Cooper & 
Eccles (1930) who found that muscles with a short contraction time have a high 
tetanus/twitch ratio. The contraction time of the rat diaphragm falls between 
those of the extensor digitorum longus and internal rectus of the eye in the cat. 


The rat — is & quicker muscle than the rapid fibres of the cat’s tibialis 
23—2 
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which have a contraction time of 32 msec. (Gordon & Holbourn, 1949). For 
this latter muscle we found a tetanus/twitch ratio of 4 to 5. 


Relation between slowing of the conduction of the excitation wave and tension 

Brown et al. (1948) have shown that adrenaline slows the contraction wave 
along the muscle fibre, and recently Goffart (1950) suggested that this slowing, 
by prolonging the twitch, and by increasing the time available for stretching 
of the series elastic component of the muscle, might result in a a greater tension 
being reached. 

We have tested this hypothesis | in the following way. If slowing of the 
propagation wave were an important factor in the increase of tension produced 
by adrenaline, the increase in tension would be reduced when the necessity 
for distant propagation of the muscle impulse was diminished sed prmayancous 
excitation of the musele at several points. 

A strip of diaphragm, 5 mm. in width, was csonated 0 on a multielectrode 
apparatus in Tyrode’s solution containing 2g. D-tubocurarine per ml. When 
- curarization was complete, as checked by indirect stimulation, ‘maximal’ 
stimuli of 0-25-0-5 msec. duration were applied every 20 sec. directly to the 
muscle, alternately at one end, and at many points simultaneously. The 
tension was recorded by a piezo-electric crystal. It was more difficult to obtain 
maximal twitches by direct stimulation in mammalian muscle than in the frog 
sartorius at 0° C. (see below). We tried to meet this difficulty by lifting the 
assembly into a layer of paraffin floating on the Tyrode, to reduce the short 
circuiting by the surrounding fluid, and applied to the muscle a voltage which 
gave approximately the same tension as that obtained in the twitch produced 
by a maximal nerve volley before curarization. After ten control twitches 
adrenaline was added to the bath, so that it reached a concentration of 
1x10-* and changes in twitch tension were followed every minute for 
10 min. | 

Stimulation at one point near the end of the muscle produced about the 
same peak tension as the all-over stimulation. Fig. 24 shows the relations 
between the contractions induced by ‘all-over’ and ‘one-end’ stimulation 
recorded under isometric conditions. Similar experiments were done under 
isotonic conditions and the shortening curves displayed similar characteristics 
to those described by Abbott & Ritchie (19516) in the frog sartorius. In this 
muscle, with parallel fibres running from end to end, they showed that the 
‘one-end’ shortening curve had about the same height as the ‘all-over’ 
shortening curve but was displaced to the right by half the propagation time. 
The ‘one-end’ isometric twitch of the diaphragm is similarly delayed and runs 
parallel to the ‘all-over’ twitch in the middle of the rising phase. 

The contractions in Fig. 2 were recorded before adrenaline was added to 
the bath and those in Fig. 2B, 5 min. after the adrenaline had begun to act. 
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Both ‘all-over’ and ‘one-end’ contractions were potentiated by adrenaline 
and it can be seen that the augmentation produced with the ‘all-over’ 
stimulation was actually greater than that with the ‘one-end’ preparation, 
although the propagation time with the ‘all-over’ stimulation must have been 

much less than in the ‘one-end’ condition. The increase in propagation time 
produced by adrenaline (Brown et al, 1948) cannot, therefore, be an important 
factor in the adrenaline effect on skeletal muscle. 


0 
0 10 20 
| Time after stimulus (msec.) oe 
Fig. 2. Rat diaphragm strip 6 mm. in width, mounted on the multielectrode assembly, curarized, 


equilibrated in oxygenated Tyrode’s solution and then stimulated in paraffin. A, super- 
imposition of two twitches obtained by ‘all-over’ and ‘one end’ stimulation. The ‘all-over’ 
trace is on the left and in both traces stimulation is at time zero. a devs omeaa enna 
addition of adrenaline (1 x 10~*) to the bath. | | 


Effect of adrenaline on the duration of the rising phase of the contraction 
Using a light torsion wire myograph to record tension, Brown e¢ al. (1948) 


- found no consistent change in time from stimulus to peak tension in single 


twitches of the rat diaphragm after application of adrenaline. The use of 
piezo-electric crystal or the transducer valve gave us more consistent results. 
In seventy-two experiments on thirty-six rats we found that the time from 


stimulus to peak tension was delayed after adrenaline by 3-20% in sixty-seven _ 


instances. Tension and time to peak both increased (Figs. 3 and 5), but not 
always part passu. In some experiments, in fact, the time to peak was pro- 


longed, although no increase in tension could be observed. This suggests that. 


the two factors are not closely interdependent. 

Adrenaline leaves the latent period unchanged. The delay in time to peak 
occurs then during the contraction phase itself. If this delay was entirely due 
to slowing of the contraction wave, it would require a much larger slowing than 
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has been actually observed. In some preliminary experiments (unpublished) 
Burns & Goffart found that the propagation velocity along the fibres of the 
cat’s gracilis (Brown & Burns, 1949) was slowed by 5-10% when 10g. adrena- 
_ line is given intra-arterially. Since the propagation velocity in the rat dia- 
phragm is of the order of 3-5 m./sec., a decrease in propagation time of 10%, 
along the fibres could only account for a fraction of a millisecond, whereas the 
observed delay in time to peak was of the order of 2 msec. Moreover, the 
delay of the time to peak was of the same order whether the muscle was 
stimulated through its nerve or at —_ points after curarization. 


Tension (g.) 


3S 
Time from stimulus to 


peak tension (msec.) 


10 
Time (min.) 


Fig. 3. Rat diaphragm strip, 9 mm. wide, 15 mm. long, weighing 68 mg. stimulated maximally 
@—-—@, time from stimulus to peak tension; peak 

_ tension. At arrow 250 yg. adrenaline were added to, the 250 ml. bath. Percentage increase 
in time to peak, 11%, Peroentage increase in twitch tension, 9%, 


A single maximal twitch of this curarised muscle was difficult to achieve: 
as the stimulating current was progressively increased, more and more fibres 
were stimulated and the peak tension rose; but on increasing the current 
beyond that required to give a tension equal to that produced by a single 
maximal shock to the nerve, the peak tension continued to rise steadily. The 
explanation seems to be that when the current was sufficient to cause all the 
fibres to discharge, some were on the point of discharging repetitively. When 
repetitive responses occurred, the time to peak, which had been steadily 
decreasing, now began to increase. However, when adrenaline was added to 
the bath submaximal, maximal and supramaximal twitches showed about the, 
same percentage potentiation and this potentiation was always accompanied 
by an inérease in time to peak. These findings exclude the hypothesis that 
adrenaline acts by recruitments of more fibres, because recruitment tends to 
reduce the time to peak. The adrenaline effect is not due to repetitive firing 
either because the action potentials recorded by Brown et al. (1948) never 
showed any sign of repetition. 
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The absence of a close relation between the increase in time to peak and the 
mechanical tension attained by the muscle suggests that another factor comes 
into play. 

Rate of rise of tension and velocity of contraction 

The early stage of tension development was examined by using a three times 
faster time base and higher gain than those we normally employed to display 
the contraction on the c.n.0. The rate of rise of tension in the control twitches, 
taken at 1 min. intervals before the addition of adrenaline, did not vary: after 
adrenaline the tension usually developed more slowly. Fig. 4.4 shows the first 
third of the rising phase before and at the tenth minute after the addition of 
adrenaline. The complete contraction curve can be seen in Fig. 5, which shows 
that the curve of the potentiated twitch does not cross the control twitch curve 
until the latter is approaching its peak. 

This decrease in the rate of rise is due at least in part to the slowing of the 
propagation of the contraction wave along the muscle fibre, but because direct 
‘all-over’ stimulation in the curarized muscle also gives a slowing in the 
development of tension (Fig. 4B), we think that some other factor such as 
slowing of the contractile process itself is involved. 

We tried to gain information on this point by measuring the maximum 
velocity of shortening in isotonic twitches under low load. In these circum- 
stances the effect of the series elastic component is eliminated and the velocity 
of shortening reflects the properties of the contractile substance proper. 
Accurate measurements were not possible because of the difficulties of fitting 
tangents to a curve, but the suggestion was that adrenaline slightly decreased 
the velocity of shortening. 

In a few instances, however, the potentiation of the maximal twitch by 


adrenaline was accompanied by a quicker rate of onset of tension, similar to 


that reproduced in Fig. 6. 

In the twitch, therefore, adrenaline causes an increase in the contraction time, 
generally accompanied by some slight decrease in the rate of development of 
tension. 

Twitch potentiation by potassium chloride and caffeine 

Addition of potassium chloride in an amount sufficient to treble the external 
potassium ion concentration (0-5 ml. of 20% KCl to a 250 ml. bath) regularly 
caused an increase of maximal twitch tension. The time-course of the potentia- 
tion differed according to the method of addition of the potassium chloride: 
if the solution was injected close to the suspended muscle the greatest potentia- 
tion occurred within 30 sec. This time course is similar to that observed in 
muscle with normal circulation when the solution is given by close arterial 


injection. When the solution was added to the bath at its periphery and free — 


mixture allowed, the twitch increased gradually and reached its maximum 
in 5-10 min. 
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v 


Tension (g.) 
3 


Time after stimulus (msec.). 


Fig. 4. Same muscle as in Fig. 5, at higher amplification and quicker time base. A, superimposed 
traces of the beginning of the tension rise. B, the same as in A, after curarization. In A and 
B the curve on the left is before adrenaline, that to the right 10 min. after adrenaline was 
added to the bath. 


10 


Tension (g.) 
wn 


0 10 20 


Time after stimulus (msec.) 


Fig. 5. Sie baililias dace 9 mm. wide, 14 mm, long, weighing 87-8 mg. stimulated through 
_ its nerve every 10sec. Two twitches superimposed, before and 6 min. after addition of 
adrenaline (1 x 10-*), 
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In twenty-four of twenty-five experiments on ten rats, using either method 
of administration, potassium chloride caused an increase in twitch which was 
associated with a prolongation of the contraction time of 3-18%. The pro- 
longation of contraction, however, as in the experiments with adrenaline, did 
not run parallel with the increase in tension, and, indeed, in the exceptional 
experiment, there was an increase in tension and no change in contraction 
time. 

The rate of onset of tension showed three difiecens types of change: (a) it was 
diminished as in the majority of the adrenaline experiments; (b) it increased 
for the first few minutes of the potentiation of the twitch and then became 
slower (Fig. 6); and (c) it was greater than in the controls throughout the 


_ potentiation period. Table 1 illustrates conditions (a) and (c) and it will be 


noted that the potentiated twitch tension is greater when the rise in tension is 
quicker and the contraction time only moderately prolonged. We are uncertain 


_ of the conditions which control this variation in the rate of onset of tension: 


different results can be obtained consecutively on the same preparation 
(Table 1) and these differences do not depend on the way in which the potas- 
sium chloride is added to the bath. They do not depend on the mode of 
stimulation whether applied through the nerve or directly at many points 
simultaneously. Although we know that adrenaline does not act on the muscle 
by liberation of potassium from the fibres (Goffart & Perry, 1951) the similari- 
ties in the changes they both produce in the muscle twitch are striking. That 
they are not at all specific is shown by what was found in experiments where 
the potentiation by caffeine was investigated. The increase in maximal twitch 
tension induced by caffeine (1 x 10-*) is generally accompanied by a prolonga- 
tion of the contraction time. This is in keeping with the results of Huidobro & 
Amépabar (1945), who showed that caffeine injection turns an unfused tetanus 
into a fused one. The same decrease in the rate of rise of tension as those 
described for potassium chloride, and incidentally for adrenaline, were 
observed. 
DISCUSSION 


When it had been pee that the main action of adrenaline on the 
mammalian nerve-muscle preparation was upon the muscle itself (Brown et al. 

1948) the question of the effects of changes in ionic balance inside and outside 
the fibres became important. It was shown that an excess of K* in the fluid 
surrounding the muscle’ impaired the potentiating action of adrenaline on 
single maximal twitches (Goffart & Brown, 1947), and that K* depletion of 
the inside of the muscle could even reverse the effect (Goffart, 1947). The 
hypothesis that adrenaline might act by liberation of potassium ions from the 
muscle—a process which is known to increase the twitch tension (Brown & 
Euler, 1938)—was however abandoned when it was observed that adrenaline 
decreased the loss of Kt ions from muscle (Goffart & Perry, 1951) and increased 
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Tension (g.) | 


0 10 20 30 


Time after stimulus (msec.) 
Fig. 6. Rat diaphragm strip, 11 mm. wide, 18 mm. long, weighing 89-0 mg. stimulated directly 
every 10sec. at many points simultaneously, after curarization. Three twitches super- 
imposed: A, before addition of potassium chloride; B, 30 sec. after injection of 0-5 ml. 20% 
bath; C, 3 min. after B. 


TaBLE of concentration on marimum tension and 


time to peak in a twitch 
Increase in Increase in 
tension timeto 
Date (1951) Stimulation (%) (%) 
—— A. Rate of onset of tension decreased after trebling 
the concentration of KCl in the Tyrode 

31 July Indirect 25-6 17-6 
July Indirect 19-0 13-6 

26 July Indirect 16-0 14°] 

23 July Indirect 14-1 9-1 

20 July Direct 13-9 11-5 

27 July Direct 5:8 

27 July Direct 6-0 4-4 

Mean 14-9 10-9 


Group B. Rate of onset of tension increased after trebling 
the concentration of KCl in the Tyrode _ 


13 Aug Direct 39-1 5-0 
23 July Indirect 38-4 9-0 
31 July Indirect 32-3 6-6 
31 July Direct 30-0 8-2 
1A Direct 28-5 7-0 
10 Aug. Direct 24:3 26 
27 July Direct 8-5 0 
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the demarcation potential (Brown ez al. 1950). This increase is contrary to the 
effect of potassium which reduces the demarcation potential. : 

In this paper we have tried to find out why adrenaline increases the maximal 
twitch tension and yet slightly decreases the maximal force that a muscle can 
exert in a fused tetanus. 

- Brown et al. (1948) suggested that the widening of the muscle action tens 
tial produced by adrenaline might be due to a slowing of transmission of the 
muscle impulse. Goffart (1950) thought that this slowing might be responsible 


for an increase in twitch tension, because it was a factor common to the 
potentiation produced by potassium, post-tetanic potentiation (Burns & | 


Goffart, 1949, unpublished) and cooling (Brown ¢e al. 1948; Walker, 1949). 
But, although a slowing of the contraction wave, with the consequent slowing 
of the development of tension, would increase the contraction time it is 
difficult to see how more tension could be developed in the single twitch. 
Moreover, when the propagation time is greatly reduced by stimulating the 
muscle at many points, the potentiating effect of adrenaline is still obtained. 
So this factor is certainly not an important one in the potentiating action of 
adrenaline, and if anything, it works in the opposite direction. 

Hill (1950) pointed out that the true internal physical change which occurs 


when a muscle is stimulated is abrupt and reaches its full extent at the end of 


the latent period. The external manifestation of this activity—the muscle 
twitch—is however a more gradual process: tendons have to be stretched 
before the muscle can develop tension, and it takes time for this to be done. 
By the time the rat diaphragm muscle at 37° C. has reached its maximal 
tension in a single twitch the active state has fallen to about one-seventh of its 
initial value, as can be deduced from the figure of 7:3 for the tetanus/twitch 
ratio. Fig. 7 of Hill (19495) gives a representation of these events in a frog 
sartorius at 0° C., where the muscle constants are, of course, different from 
those described here: a contraction time of 300 msec. is to be compared with 
20 msec. for the rat diaphragm at 37° C. and the tetanus/twitch ratio is 1-75. 
It is to be noted that the tension curve in the twitch crosses the activity curve 
at the time when maximum tension is developed. Our Fig. 7 is a tentative 
adaptation of Hill’s Fig. 7 (19495) to rat muscle. 

On this basis, the decrease in the rate of shortening of the contractile com- 
ponent might be responsible for the slower onset of tension which is observed 
in a twitch during the action of adrenaline and for the longer contraction time. 
But although the slowed tension curve would meet the activity curve at a later 
time, there would be a reduction in the tension developed at this time. 

Because adrenaline causes a rise in the twitch tension, associated with an 
increase in the time to peak, we put forward the argument that adrenaline 
delays the decay of the active state, shifting the activity curve to the right 
(Fig. 7). The tension curve thus meets the activity curve at a later time and at 
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a higher level. An increase in contraction time can, of course, be caused other 
than by a prolongation of the active state. For example, if, as described above, 
the rising phase is slowed and there is no change in the active state, the time 
to peak will increase but the tension will be less. However, when the contrac- 
tion time and the twitch tension increase, the most plausible explanation is 
that the active state has been prolonged. In a few experiments when, after the 


Po 
(Po)ad 
60 
20F 
(Pn)ad 
0 
0 10 20 30 __f0 


after stimulus (msec.) 
Fig. 7. Diagram of mechanical changes during twitch of rat diaphragm strip at 37° C. P,, maxi- 
mal tetanic tension; (P,)ad, maximal tetanic tension after adrenaline. P,;, inherent activity 
at any moment; (P,)ad, the same after adrenaline; P,,, maximal twitch before adrenaline. 
(P,,)ad, maximal twitch after adrenaline. | 


application of adrenaline, the time to peak increased but the tension was un- 
altered, it is possible to account for this by the action of two opposing factors 
such as the slowing of the rising phase and the prolongation of the active 
state. 

In some instances adrenaline increases the twitch tension with only a trivial 
increase in contraction time—or even none at all—and with a quicker rate of 
onset of tension. The peak twitch tension is conditioned both by the rate of 
rise and the activity curve, so if more tension is produced and the time to peak 
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is unchanged it implies that, at a given time, more activity is available, i.e. 
that the active state has been prolonged. 


The above arguments are by nature indirect, and we attempted to measure | 


the activity curve directly by applying quick stretches to the muscle in the 
way described by Hill (19495). We failed in this, because the rat muscle is so 
quick that it was difficult to stretch it in a time which was small compared 
with its contraction time: the problems involved in stretching a rapid muscle 
have been discussed recently by Hill (19514). 

More evidence could be obtained by analysis of the heat produced by 
muscles treated by adrenaline; if the active state were prolonged the muscle 
would maintain tension more economically, and its maintenance heat during 
a tetanus would be less than in an untreated muscle. However, since the 
treated muscle is observed to relax more slowly, in that at any given time 
during the relaxation phase the tension in the treated muscle was greater than 
in the untreated, it would be strange if this greater economy were not found 


and there was little point in embarking on myothermic experiments requiring 


great care, delicate control, and much time. Certainly the effect of previous 
activity (e.g. a tetanus) which so strongly resembles the effect of adrenaline— 
increase in time to peak and twitch tension—has been shown to increase the 
economy of maintaining tension (Hill, 1931). 

The effect of adrenaline may be compared with the effects of other means by 
which the single maximal twitch can be increased: e.g. cooling, addition of 
potassium, caffeine, a previous tetanus or high pressure. K* ions and caffeine 
increase the contraction time in most cases. Table 1 shows that, with K*, the 
increase in the contraction time is no index of the increase in twitch tension 
and that the rate of onset of tension may be slower or quicker. When slower, 
the contraction time is the more affected: when quicker, the tension. A little 
study of Fig. 7 will show that this effect of a variable rate of rise of tension is 
that which is expected if K* ions cause similar changes in the activity curve 
to those described for adrenaline. 

The rate of rise of tension and the rate of decay of the active state do seem 
to be separable processes. For example, a previous tetanus or cooling causes 
a marked decrease in the rate of decay of the active state, but whereas 
a tetanus has no effect on the rate of rise of tension (Abbott, unpublished), 


-. cooling greatly reduces it. In the case of cooling it is because the decay 


activity is the more affected that the twitch is potentiated (Hill, 1951a). The 
effect of adrenaline therefore lies between those of a tetanus and cooling in 
that there is only a slight decrease in the rate of onset of tension. A change in 
rate of rise of tension is a complicating factor in the argument since contrac- 
tion time and peak twitch tension may no longer increase together (e.g. 
Table 1), But as long as one of them increases and the other at least does not 
decrease, one must assume that the active state is prolonged. 
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_ Cooling (Hill, 19515), potassium (Aubert & de Loof, 1948), like adrenaline, 
slightly reduce the maximal tetanic tension; caffeine (Huidobro & Amenabar 
1945), application of high pressure (Cattell & Edwards, 1928), close arterial 
injection of potassium chloride into a mammalian muscle or a previous 
tetanus do not affect the maximal force a muscle can exert. But all of them, 
caffeine (Huidobro & Amenabar, 1945), potassium (Walker, 1948), cooling 
Brown et al. 1948; Walker, 1949) and high pressure (Brown, 1936) increase 
the maximal twitch tension and prolong the time to peak. We suggest there- 
fore that there may be a common factor underlying these increases of the 
maximal single twitch, a prolongation of the active state. 


SUMMARY 

1. The action of adrenaline on some mechanical properties of mammalian 
muscle has been investigated. ) 

2. Close arterial injection of adrenaline into the cat’s tibialis anterior, 
increases the maximal twitch tension, but slightly decreases the maximal 
tetanic tension. 

3. Isolated rat diaphragm strips oe a force of 1-62 kg./sq. cm. and have 
a tetanus/twitch ratio of about 7. 

4. Adrenaline (1 x 10-*) augments the maximal twitch tension recorded in 
strictly isometric conditions by 5-20%, and this is associated with an increase 
in the contraction time and with a slowing of the rate of rise in tension. This 
can be observed whether the muscle is stimulated directly or through its nerve. 

5. Increase in tension produced by an excess of K* ions or caffeine (1 x 10-*) 
is associated with a longer contraction time, but the rate of onset of tension 
varies greatly. 

6. The slowing of the propagated contraction wave along the muscle fibre, 
induced by adrenaline, is not an important factor in the potentiation process. 

7. Tt is concluded that adrenaline increases the maximal twitch by pro- 
longing the active state of the stimulated muscle. 


to Prof. G. L. Brown for his hospitality in inviting one of us (M.G.) to work in his laboratory. 
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‘THE SPATIAL DISTRIBUTION OF DIVIDING CELLS IN 
THE LIVER OF THE RAT AFTER PARTIAL 
HEPATECTOMY 


By R. D. HARKNESS 
From the Department of Physiology, University College, London 


(Received 8 May 1951) 


It is well known that removal of a part of the liver is followed by compensatory 
hypertrophy and hyperplasia in the remnant of the liver left in the body. This 
compensatory growth is commonly referred to as regeneration. The exact 
nature of the change in the environment of the liver cells which initiates and 
controls it is at present obscure, so that almost any observations on regenerating 
liver are of interest, although it may not yet be possible to interpret them fully. 
For this reason, if for no other, it seemed worth while to record the distribution 
of dividing parenchymal cells within the regenerating liver lobule of the rat, 
when suitable material for doing so was obtained in the course of other work. 
von Meister (1894) and Milne (1909) reported that in rabbits dividing paren- 
chymal cells appeared to be more numerous in the peripheral parts of the lobule. 
- On the other hand, Brues & Marble (1937) reported that mitotic figures in the 
regenerating liver of the rat were randomly distributed throughout the liver. 
They reached this conclusion by compiling a distribution curve of the fre- 
quencies of mitoses in equal areas of a section of regenerating liver. They 
obtained a distribution very close to the Poisson form, as would be expected 
if the dividing cells were randomly distributed. Their finding, however, cannot 
be regarded as conclusive, since the distribution obtained by this method is 
affected by the size of the area which is taken as the unit. 

Recently, in the course of other work on the effects of partial hepatectomy, 
a sample of regenerating liver with an exceptionally high proportion of dividing 
cells was found. There were so many that their general distribution within the 
lobules could be seen quite clearly to be mainly periportal. This observation 
prompted the present investigation which has given clear evidence that the 
mitotic activity is mainly periportal in the initial stages of regeneration. 
A preliminary account has already been published (Harkness, 1951). ia 
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METHODS 


General, Albino rate weighing 100-200 g. were partially hepatectomized under ether (Higgins & 
Anderson, 1931). The lobes removed were the left lateral and median which make up about two- 
thirds of the weight of the liver. The animals were kept in individual cages in a room maintained 
at 26-27° C., for at least a week before and after operation. They were allowed free access to water 
and food (M.R.C. diet, Parkes, 1946). They were killed by breaking their necks after stunning, and 
a sample of liver was then removed and fixed in acetic-Zenker fluid. The samples in each case 
consisted of a slice from base to apex through the middle of the right anterior lobe. The animals 


used in the investigation were selected from a number subjected to partial hepatectomy primarily 
for other purposes. They were chosen because they showed a high enough rate of mitosis among 
hepatic parenchymal cells to make it feasible to investigate the spatial distribution of the dividing 
cells. 


Histological. Thesamples of liver wereembedded in paraffin, and sections 6 or 10». thick prepared. 
An area of section was chosen where a portal tract and an hepatic lobular vein were 
parallel to one another, and both were out transversely. The position of the vessels and of all 
metaphase, anaphase and telophase mitoses in hepatic parenchymal cells in a surrounding area 
were mapped on graph paper with the help of a squared graticule in the microscope eyepiece. This 
was done in the same area for three to eight sections, and in some cases for two pairs of portal 
tracts and hepatic veins. So far as possible mitoses which lay half in one section and half in the 
next were distinguished and counted only once. Even so, it is probable that some were counted 
twice. This did not affect the distribution of mitoses, since there is no reason to suppose that those 
in any area were more likely to be counted twice than those in any other area. 


RESULTS. 

Counts were made on seven rats killed about 24 hr., and on three killed about 
_ 48 hr., after partial hepatectomy. The results are given in Table 1 and Figs. 1 
and 2. The following method was used for summarizing the distribution of 
mitoses relative to the portal tracts and hepatic veins. Two circles of radius 
equivalent respectively to 128 and 256. were drawn on the map round each 
portal tract and hepatic vein. The number of mitoses lying within the smaller 
circle, and between it and the larger circle, were counted, and the density per 
unit area calculated for each area. The figures for the density of mitoses in the 
area, between the inner and outer circle for the portal tract and hepatic vein 
were combined and averaged to provide an estimate of the density in the 
middle of the lobule about half way between the two centres. The densities 
given are for the fixed embedded liver which has a volume about 60-70 % of 
the original. The density in the living material would be proportionately lower. 
In calculating densities within the inner circles no allowance was made for the 
fact that part of the area was occupied by hepatic vein or structures of the 
portal tract. The correction would, however, be small. The portal tract 
structures covered on the average about 2:5 % of the area within the inner 

circle, the hepatic vein 6 %. 
In all of the seven rats killed 24 hr. after operation the density of cells in 
mitosis was greater around the portal tracts than round the hepatic veins 
(Fig. 1A), where there was a conspicuous absence of cells in mitosis (Fig. 1B). 
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Variation in the density of population of hepatic cells appeared to play no 
part in this variation in density of cells in mitosis, Counts of hepatic cell 
nuclei on sections from three rats gave almost the same averages for all oe 
of the lobule between the portal tract and hepatic vein. 

Of three rats killed 48 hr. after operation, two showed a negligible ditheaiasce 
in the density of cells in mitosis round the portal tracts and hepatic veins. 
One rat showed a greater density of mitosis round the hepatic vein than the 
portal tract. 


This table gives data on the numbers of mitoses found in the specified zones of the lobule 
described in the text, i.e. 0-128 ., or 128-256 u. from the portal tract or hepatic vein. Both the 
total number in each zone and the mean density of mitoses are given. The density is given as 
number of mitoses per 10-* mm.* volume of embedded liver. 


Total number of mitoses counted and their density 


Roundhepaticvein Mid- Round tract 
lobule 


Sex and 
pre-op. post-op. ’ mean C, D, 
no (g-) (hr.) 0-128 pw. 128-256 and ©) 128-256. 0-128 p. 
1 9, 214 32 Total no. 0 21 — 25 7 
Density 0 861 6-5 
2 9, 199 26 Total no. 8 74 — 67 26 
7 Density 52 16-0 15-3 14:5 16-9 
3 9, 162 304 Total no. 13 86 — 61 25 
Density 53 116 82 101 
Density 146 12-2 14-1 159 15-4 
5 3, 203 30} Total no. 2 13 — 18 13 
Density 0-9 2-0 2-4 2-8 6-0 
6 9, 113 22 Total no. 0 14 = 24 7 oe 
Density 0 18 3-0 3-1 7-0 
7 9, 149 234 Total no 0 9 1 
Density 0 0-7 0-4 01 1-7 
8 Q, 223 47} Total no. ll 20 _ 3 ae | 
? Density 89 - &4 3-1 0-81 0-8 
9 9, 186 54 Total no. 5 15 — 15 6 
Density 2-9 2-87 3-2 
10 3, 285 49 Total no. 5 28 — 30 2 
Density 2-0 3-8 4-6 5-40 1-1 
DISCUSSION 


Mitosis v was found by Brues & Marble (1937) to start about 24 hr. after partial 
hepatectomy. The cells which are dividing 24 hr. after operation are therefore 
among the first to do so. From my results it seems that they are situated 
mainly around the portal tracts and in the mid-lobar region; there are very 
few round the hepatic veins. There are clearly several possible ways in which 
this result might be interpreted. Though these must be largely hypothetical 
at the moment, it seems worth while to consider them briefly. The observed 


distribution could result from a difference inherent in the cells causing those in 
24—2 
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different parts of the lobule to respond differently to the same growth stimulus. 
It does not seem possible to support this hypothesis except by the exclusion 
of all other possibilities. The alternative is that there is a difference in the 
stimulus which is greater at the periphery of the lobule. Most of the available 
evidence (reviewed by Mann, 1944), indicates that this is blood-borne and 


Hepatic vein 
B ; 
Fig. 1. A, plot of mitoses in a section from rat 4 killed 24 hr. after partial hepatectomy. Branches 
of hepatic vein stippled, portal vein cross-hatched, bile ducts black, mitoses black circles. 
B, combined plot of distribution of mitoses in a number of rats killed 24 hr. after partial 
hepatectomy. The absence of mitoses round the hepatic vein is clear. 


implicates the portal vein as the carrier rather than the hepatic artery. If the 
stimulus is chemical, as is suggested by experiments on parabiotic rats (Bucher, 
Scott & Aub, 1950), the distribution of dividing parenchymal cells seems to 
indicate that it is removed from the blood during its passage through the 
lobule. This need not follow, however, if the evidence of Elias (1949) for 
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a direct arteriolar supply to the centres of the lobules is accepted together with 
that mentioned above, implicating the portal vein rather than the hepatic 
artery as the carrier of the stimulus. Such an arteriolar supply might be 
expected to reduce the concentration of a chemical stimulus in the portal blood 
by dilution. However, the constancy and functional importance of an arteriolar 
supply of this sort is still in doubt, so that this explanation should be treated 
with reserve. | 


24 hr. 48 hr. 


\ 

= 

Se 


0 
H P H 
Fig. 2. Frequency of mitoses in different zones of lobule in individual rats. 
H, hepatic vein; P, portal vein. - 


The periportal distribution of mitosis described was not found 48 hr after 
operation. By this time the number of hepatic parenchymal cells in the liver 
has increased by about two-thirds (Brues, Drury & Brues, 1936). It is probable 
therefore that most of the cells around the portal tract have already divided 
once. They are therefore unlikely to divide again for some time, about half 
a day at least, even in the presence of a suitable stimulus. In a tissue culture, 
for instance, division is usually followed by a relatively long intermitotic 
period (e.g. Olivo & Delorenzi, 1932; Jacoby, 1937). A change in the distribu- 
tion of cells in mitosis as regeneration proceeds would therefore not be un- 
expected. The distribution at 24 hr., when mitosis is just starting, is clearly the 
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one of most interest, but the absence of a periportal distribution of cells in 
mitosis at 48 hr. supports the 24 hr. findings to the extent of ruling out the 
possibility of artifact, or some other unsuspected error in the method. 

‘There remains the question of the results obtained by Brues & Marble (1937). 
Their claim of a random distribution of mitoses in a section of liver taken at 
48 hr. after operation agrees with my results, but their figures do not in fact 
establish that the mitoses in the section they examined were randomly 
distributed. They reached this conclusion because they obtained a Poisson 
distribution for frequencies of different numbers of cells in mitosis in unit 
areas of section, but they may have used too small a unit area to disclose 
a non-random distribution. That this can happen was verified on an area of 
section which included that shown in Fig. 1 A. The results are given in Table 2. 


TaBLE 2. Comparison of observed frequencies of mitoses in specified areas with frequencies 
‘expected on the assumption of a Poisson distribution. The data were obtained from a single 
section taken from the liver of rat 4 


No. of 64 x 64 4. squares 192 x 192 u. squares 
per square Observed Expected Observed Expected 

0 782 778 17 6-5 

l 171 178 12 16-7 

2 205 16 21-5 

3 2 15 16 18-4 

5-9 — —_ 16 10-1 


Test of significance of the difference between the observed and expected distribution by 
calculation of x* (see Fisher, 1944) gave for the 64 x 64. squares x*=0-7, 0-3< P<0-5, for the 
192 x 192. squares x*=24-7, P<0-001, i.e.ja significant difference in the second case but not 
in the first case. Groups with two and three mitoses in the 64 x 64. squares were combined for 
the calculation of x*. 


When unit area 64 x 64. is taken the distribution is very close to a Poisson. 
When unit area 192 x 192. is taken the distribution is significantly different: 
from a Poisson. In the latter instance there are too many zero values, corre- 

sponding to the areas round hepatic veins, and too many of the higher figures, 
corresponding to concentrations of cells in mitosis round the portal tracts, to 
fit a distribution of this form. 


SUMMARY 

1. The spatial distribution in the lobule of hepatic cells in mitosis has been 
investigated quantitatively in the liver of the rat, after removal of two-thirds 
of this organ. | 

2. During the first day after operation, when the parenchymal cells first 
first begin to divide, the cells in mitosis were distributed mainly periportally in 
all of seven rats. 


3. At 48 hr. after operation in three rats this periportal disteibution of 
mitoses was not found. 
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THE RELATION OF DORSAL AND VENTRAL ROOT 
POTENTIALS TO REFLEX ACTIVITY IN MAMMALS 


By CHANDLER McC. BROOKS anv M. G. F. FUORTES* 


From the Department of Physiology, State University of New York, 
College of Medicine at New York City 


(Received 24 August 1951) 


Despite the fact that many important details of the electrical actions as- 
sociated with spinal reflex activity have been determined in recent years, 
some major problems are far from being satisfactorily settled. Spinal reflexes 
were originally studied by observing and recording motor effects; later, 
electrical recording of the activity of peripheral nerves or muscles was em- 
ployed, but more recently the electrical events associated with spinal reflex 
functions have been recorded by means of electrodes placed on or within the 
spinal cord itself or upon ventral and dorsal roots. The use of these latter 
techniques has led to divergent results and interpretations. 

Matthews and his associates (Barron & Matthews, 1938) found that when 
a volley of impulses, or even a single impulse (Fessard & Matthews, 1939), 
enters the spinal cord by way of a dorsal root, a slow wave indicating long- 
lasting depolarization of the terminal endings can be recorded from the same 
or from adjacent cut dorsal roots. This wave has been called dorsal root 
potential (D.R.P.). Slow electrical waves indicating depolarization of the 
motoneurones (ventral root potentials—v.R.P.) appear also in the ventral 
roots following the arrival at the cord of orthodromic impulses, and the 
discharge of efferent impulses is related to the level of depolarization, being 
more intense when this has a larger value. Barron & Matthews’s (1938) inter- 
pretation of these results was that the dorsal root potentials arise in the 
primary terminal endings ‘as ionic changes external to the fibres, following 
impulse activity, and by a mechanism analogous to that responsible for after- 
potentials in nerves’ (p. 312). This presynaptic slow potential was thought to 
act as a stimulus to both interneurones and motoneurones, evoking there 
a partial, non-propagated depolarization of similarly slow time course. This 
latter depolarization was considered to be responsible for generation of 
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impulses in the neurones, a possibility which is experimentally supported by 
the observation that artificial depolarization of the motoneurones results in 


repetitive firing. According to this theory, no direct excitatory action should — 


be ascribed to the afferent spike. 

These interpretations were originally thought to be valid for both mammals 
and amphibia. Subsequently other authors (Bremer & Bonnet, 1949) con- 
firmed the results in part.and accepted the fundamental points of the theory 
through experiments on frogs, but a different hypothesis concerning the locus 
of origin of the D.R.P. was advanced. In mammals, on the other hand, a series 
of different experiments led to a dissimilar concept of the mechanisms under- 
lying spinal reflex activity. Eccles & Pritchard (1937) showed that a syn- 
chronous afferent volley evoked by strong stimulation of a dorsal root could 
give rise to a reflex response consisting of a highly synchronous spike arising 
from the motoneurones after short synaptic delay. Renshaw (1941) later 
claimed that this early response is due to activation of monosynaptic reflex 
arcs, and Lloyd (1943a, b) confirmed its reflex nature and showed that it 
results from the activation of the largest sensory fibres carrying proprioceptive 
sensation. The reflex waves arising from excitation of afferent fibres of different 
type were found to be less synchronous and more delayed, consisting of a burst 
of irregular waves of 5-10 msec. duration which appear with a minimal latency 
of about 3 msec. after arrival of the afferent volley. The greater delay and the 
asynchrony of this second group of discharges is supposed to be due to the 
fact that the afferent reflex path includes interneurones. The importance of the 
development of a local response in the postsynaptic elements is disregarded 
in most of these studies, and the implicit assumption is made that if repetitive 
firing of the motoneurones takes place, this is due to repetitive bombardment 
by afferent impulses, a suggestion which had already been advanced by Creed, 
Denny-Brown, Eccles, Liddell & Sherrington (1932). 

Local depolarization of the membrane of the neurones as a cause of their 
firing was reconsidered by Eccles (19466), who found that the early syn- 
chronous wave really arises from a local response of the motoneurones. As 
compared with Barron and Matthews’s v.R.P., this wave shows simpler form 
and shorter time course, the difference being such as to suggest a quite different 
underlying process. Notwithstanding this, the term ‘synaptic potential’ 
which Fessard & Matthews (1939) had introduced to define the unitary D.R.P. 
of frogs was applied also to this simple response of the motoneurones, with the 
apparent result of generating a certain confusion in the related literature. 
Under normal conditions, the propagated efferent discharge arises from such 
an early phase of Eccles’s local response, that the slow wave is hardly apparent 
in the records, but when barbiturates are given, the reflex can be abolished 
and the full development of the slow wave can be observed. A long-lasting 
positive deflexion follows the negative synaptic potential (Eccles, 19466; 
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Brooks, Downman & Eccles, 1950). These and similar results gave origin to the 
theory (Eccles, 1945, 19462) that the nerve impulse (considered as an electrical 
_ process) is the excitatory agent which produces the simple local response, and 
that this latter depolarization is the cause of the firing of an efferent impulse. 
Repetitive firing, however, could not bé evoked by the local response, since 
impulses have been observed to be discharged only within the first half of the 
rising phase of the slow wave, a period of less than 1 msec. (Eccles, 19465, 
Fig. 1 reproduces in suitable time scale the results’ obtained by various 
authors and illustrates the differences in the observed events, which provide 


D 


0 23 #880 100 200 

msec. 

Fig. 1. Schematic tracings redrawn from illustrations of different authors and plotted on the same 
time scale. From above: A, D.8.P. in the root of entry of decerebrated cat following syn- 
chronous afferent volley (Barron & Matthews, 1938); B, v.n.P. in a decerebrated cat following 
strong single shock stimulation of a dorsal root (Barron & Matthews, 1938); C, slow waves 
and reflex discharges from a ventral root in barbiturized cat; dotted line, Eccles’s synaptic 
potential in deeply anaesthetized animal (Eccles, 19466; Brooks e¢ al. 1950); D, Lloyd’s reflex 
activity as recorded from a cut ventral root following synchronous afferent volley of mixed 
origin (Lloyd, 19432). 


the basis for their differing interpretations. It is clear from this figure that 
Kccles’s synaptic potential differs substantially from Barron and Matthews’s 
D.R.P. or V.B.P., and, indeed, that the major wave of Barron and Matthews’s 
v.B.P. has not been observed or has been disregarded since the original descrip- 
tion. Accepting all quoted results as valid within the limits of the experi- 
mental approach, it becomes desirable to analyse the reasons for the observed 
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discrepancies. In the present paper we have attempted to determine the ex- 
perimental conditions under which the earlier and later phases of reflex 
activity are emphasized, and we have endeavoured to assess the mechanism 
of origin and the biological significance of the different components of a reflex 
discharge. These problems have been approached through the analysis of the 
relations between incoming impulses, p.R.P., v.R.P. and efferent discharges, 
accompanied by observation of the various reflex movements evoked by 
different types of stimulation and in different experimental conditions. 


METHODS 
Most of the experiments were performed on cats, but some frogs and dogs were used. In a series 
of animals 30-50 mg./kg. of Nembutal (pentobarbitone sodium) were administered intraperitone- 
ally before the operation, and additional anaesthetic was added later, as required. In these cases 
no decerebration was performed, but in a number of instances the cord was transected mid- 
thoracically. No major changes in the features of the reflex activity were observed to take place 
as a consequence of this transection in anaesthetized animals. Other preparations were decere- 
brated under ether, and the reflex activity was examined after recovery. To achieve adequate 
working conditions in these animals, it was necessary to administer some curare or to sever a great 
number of dorsal roots on both sides, or to administer carefully very small amounts of ether. 
Following these procedures it was often possible to obtain preparations in which excessive hyper- 
activity was not present, but some reflexly induced movements could still be observed, together 
with their electrical correlates. As a routine procedure, records of electrical activity were led off 
from corresponding cut dorsal and ventral roots or rootlets adjacent to the root of entry of the 
impulses. The signals were fed to two identical direct-current differential amplifiers and from these 
to a double-beam cathode-ray oscilloscope. Very brief square waves or diphasic pulses independent 
from ground were used as stimuli. 

When potential waves which spread electrotonically toward the periphery are led off from 
dorsal and ventral roots, it is important to clarify the possibilities and limitations of such tech- 
niques of recording. A problem of fundamental importance for the interpretation of the results 
consists of determining which events in the central nervous system correspond to the various 
electrical waves. The electrotonic propagation of these potentials indicates that they correspond 
to waves of similar time course but greater amplitude, taking place in more centrally located 
portions of the structures into which they spread. Thus the potentials recorded from dorsal roots 
express the fact that a similar potential change takes place at the afferent terminals, while the 
ventral root waves represent a fraction of similar electrical events taking place in the motoneu- 
rone pool, This being accepted, the problem is to determine whether the changes at the terminals 
and at the motoneurones respectively primarily originate in the same structures, or whether they 
are the result of spread from other elements. This is equivalent to stating that the problem consists 
of determining what role is played by the interneurones in the mechanism of development of the 
slow potentials of the spinal cord. 

The origin of the p.z.P. has been alternatively located in the primary afferent terminals (Barron 
& Matthews, 1938; Dun, 1941) and in the interneurones (Bonnet & Bremer, 1938a, b; Bremer & 
Bonnet, 1949; Dun & Feng, 1944; Eccles & Malcolm, 1946; Lloyd & McIntyre, 1949), but no 
suggestion has been made concerning the type of internuncial activity responsible for the poten- 
tial, The same situation maintains with respect to the potentials of the ventral roots: while most 
authors accept the thesis that they originate primarily in the motoneurones, Bremer & Bonnet 
{1949) suggest that (in the frog) their primary locus of origin is in the interneurones. On the basis 
of both old (Bonnet & Bremer, 1938a, 5) and recent (Fuortes, 1951) experimental findings, it can 
be considered safe to accept the idea that p.z.P. and v.B.P. have origin in different structures, and 
that the locus of origin of the p.z.P. is situated upstream to that of the v.R.P. Moreover, the rela- 
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tions between depolarization of the motoneurones, as expressed by the v.R.P., and discharge of 
impulses, at least in the frog, are consistent enough to suggest that the v.z.P. has the characteristics 
of a local response of the motoneurones, and in this respect its locus of origin should be in the 
motoneurones themselves. Thus we consider that the negative potentials of the ventral roots. 
originate in the motoneurones, but we have no valid evidence for determining whether the D.B.P. 
arises in the primary terminals or spreads there from the interneurones. The question of the 
location of the origin of the D.B.P. is a problem of crucial importance to the interpretation of all 
slow electrical correlates of reflex activity, and it is regrettable that it has defied thus far a clear- 


cut experimental approach. 


RESULTS 

Anaesthetized preparations. In animals treated with barbiturates it was 
observed that when the anaesthesia was deep enough to prevent spontaneous 
movements and the corneal reflex, no visible or only very weak reflex move- 
ments could be elicited, even in fully innervated limbs, by sensory or electrical 
stimulation. Under lighter anaesthesia, the corneal reflex is maintained and 
brief twitches of the muscles of the limbs (especially of the forelimbs) can be — 
induced by squeezing or pinching the toes. However, effective and complex 
reflex movements, such as ipsilateral withdrawal or contralateral extension, 
have never been observed in preparations thus anaesthetized. This suggests that. 
this type of anaesthesia induces a major change in the reflex activity of the 
spinal cord. Notwithstanding this, electrical waves could be recorded from 
ventral roots following electrical stimulation of peripheral nerves or dorsal 
roots, and indeed these signs of reflex activity were often more prominent than 
in unanaesthetized preparations, possibly due to the great reduction of back- 
ground activity. Naturally enough these observations raise the question of 
the functional significance of such electrical waves, a question which we have 
approached elsewhere with relation to the flexor reflex (Brooks & Fuortes, 
1952). 

In a number of animals we have been unable to record electrical changes 
from cut dorsal roots adjacent to the root of entry, following electrical or 
sensory stimulation of peripheral structures, but the conditions responsible 
for this failure could not be determined. 


The failure is not due to barbiturates only, because when a D.B.?. is initiall titis lly 
tl ry adtion of oven if does preventing epontancous breathing are reeche. 
It could be due to defective techniq ding (e.g. damage tothe root—see Barron & Matthews, 
1938; Fessard & Matthews, 1939) or to some unknown alteration preventing development of the 
D.B.P. In this uncertainty the significance of the finding is questionable. 

In most cases, however, single shock stimulation of peripheral nerves did 
induce characteristic slow changes in the cut dorsal roots adjacent to the root 
of entry, and these consisted of the negative wave described by Barron & 
Matthews (1938), preceded in a number of cases by the earlier positive deflexion 
(wave 4) first observed by Lloyd & McIntyre (1949). The other small deflexions 
described by the last-mentioned authors and confirmed by Grundfest & 
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Magnes (1951) have never been found in the present experiments, and, indeed, 
no effort has been made to detect them, since they can hardly be supposed to 
have any functional significance. Even in the cases in which no p.R.P. could 
be recorded, single shock stimulation of peripheral nerves resulted in the 
production of ventral root potential changes similar to the ones already 
described by other authors. In particular, we have been able to confirm 
Kccles’s finding that the early reflex spike arises from a slow, non-propagated 
wave (Fig. 2). In addition to this, we have observed that the later discharge 
resulting from stimulation of cutaneous nerves also starts from a local depolari- 
zation which appears to have a slightly different time course (Fig. 3). We have 


Fig. 2. | Fig. 3. 
Fig. 2, Potentials recorded from a ventral root in anaesthetized animal following single shocks to 
muscular nerves, Below: minimal shock giving visible effect on v.R. record; above: stronger 
but amply submaximal shock. Time: 1 msec. | 
Fig. 3, Superimposed records of ventral root potentials evoked by progressively increasing single- 
shock stimulation of a cutaneous nerve in anaesthetized cat. Stimulus artifact not visible; 
the first small deflexion indicates arrival of the afferent volley at the cord. Time 1 msec. 


no basis for stating whether this latter slow wave reproduces the shape of 
@ pure local response, or whether it is the result of a combination of asyn- 
chronous slow waves of different form. In our experiments under these con- 
ditions, the propagated waves were comparable to the ones described by 
other authors (Lloyd, 1943a), inasmuch as stimulation of muscular nerves 
gave rise mainly to the early synchronous reflex volley, while stimulation of 
mixed nerves resulted in more pronounced asynchronous bursts. Also in 
accord with other authors (Eccles, 19466; Lloyd, 1946; Hagbarth & Naess, 
1951), we found in most cases that carefully graded stimulation of a mixed 
nerve or dorsal root was not sufficient for obtaining an isolated early reflex 
spike. Only when the conditions of the preparation had obviously deteriorated, 
a@ pure synchronous early spike of great amplitude could be evoked by mixed 
stimulation, in the absence of any trace of later discharge, a finding which is 
confirmed by other experiments (Austin, unpublished). In the majority of 
cases, large positive deflexions similar to those described by Brooks et al. 
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(1950) have been found to follow the propagated discharge (Fig. 4), and the 
present results confirm their observation that these after-positivities corre- 
spond to hypo-excitability of the motoneurones. Bar a 
from roots of the same segment showed that the 
earliest reflex discharge which can be elicited by stimulation of peripheral 
nerves, precedes the development of the negative deflexion of the dorsal root, 
and corresponds in time to the early positive deflexion (Fig. 5), a finding which 


Fig. 4. Fig. 5. 


Fig. 4. Ventral root potentials evoked by synchronous excitation of mixed nerve in barbiturized 
animals. Effects of weak (above) and strong (below) stimulation, recorded with slow sweep 
velocity. Time 60 o/s. . 

Fig. 5. Simultaneous records of D.B.P. (above) and v.z.P. (below) of a segment (S 1) adjacent to the 

: segment of entry (L7) of the volley of afferent impulses. Cat under moderate anaesthesia. 

Upper record: stimulation of cutaneous nerve; middle record: stimulation of a muscular 

nerve; lower record: stimulation of a mixed nerve (showing some saturation of the early 

ventral root deflexion). Time 2 msec, — 


could be anticipated by the analysis of previous results of other authors. 
Selective stimulation of nerve twigs of different peripheral origin showed that 


insignificant changes of the dorsal root waves result from stimulation of | 


cutaneous, muscular or mixed nerves respectively, while, as already stated, 
differences in the reflex discharges were found (Fig. 5). In particular, it is 
pertinent to emphasize that a well-developed D.R.P. can be evoked by stimula- 
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tion of muscular nerves, even though only a synchronous early reflex spike 


_ results from the stimulation. This finding can be confirmed in unanaesthetized 


preparations and is in agreement with the results obtained on frogs (Fuortes, 
1951). When after-positivities were present in the ventral roots, they coincided 
in time with the negative dorsal root deflexion (Fig. 6A). By reversing the 


‘polarity in one of the two channels and delivering stimuli of smoothly increasing 


strength, it is easy to prove that the relation is not so strict as to suggest that 
the same phenomenon is differently recorded in the two structures, since the 
threshold for the two curves is different, and their course is roughly parallel 
only for a certain strength of stimulation. This finding has some implications 


Fig. 6. A. Upper record: simultaneous records of V.B.P. (above) and p.z.P. (below) following 
single shock stimulation of cutaneous nerve. Cat under moderate anaesthesia. Time 10 msec. 
B. Lower record: simultaneous records of p.B.P.’s led off from intact root of entry of 
afferent volley (above) and from an adajcent cut root (below). Amplification in the two 
channels is arbitrary, higher gain being used in the lower record. Time 5 msec. 


with respect to action of barbiturates and locus of origin of D.R.P., which will 

be discussed in later sections. | 
Decerebrate preparations. The most significant results have been obtained 

using decerebrated preparations after discontinuing the anaesthetic. In these 


animals, sensory stimulation readily evoked the organized reflex movements 
_ described by Sherrington, and we consider them a much more suitable object 
_ for studying the physiological reflex actions of the spinal cord. When the 


rigidity was very pronounced, intense trains of impulses were fourid to be 


- continuously present in dorsal and ventral roots, and in these cases both 


sensory and electrical stimulation evoked but little detectable effect. When 


_ the rigidity was decreased within moderate limits, however, the full develop- 


ment of the electrical events associated with reflex action could be easily 
recorded, and also the motor effects of the stimulation could be observed. 
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In the cut dorsal root adjacent to the root of entry, the well-known negative 
wave followed arrival of impulses at the cord. This is not different from the one 
which is present in preparations under moderate anaesthesia, and also in this 
series of animals, no significant difference of shape could be detected in the 
D.R.P, evoked by muscular, cutaneous or mixed stimulation (Fig. 7). The 
threshold of the p.R.P. was consistently found to be at least as low, and possibly 
lower than the one of the reflex discharges, irrespective of the type of the 
afferent stimulation. While these characters of the D.R.P. in unanaesthetized 
preparations resemble the ones found in anaesthetized animals, very significant 
differences were found in the electrical waves which took place in the ventral 
roots. These were most conspicuous in the late phases of reflex activity. When 
the stimulus to peripheral nerves was weak, the propagated reflex discharges 
were practically identical with the ones described above, but no after-positivity 


Fig. 7. Corresponding D.8.P. and v.R.P. evoked by single-shock stimulation of a cutaneous (left) 
and muscular (right) nerve in two different unanaesthetized and decerebrated cats. The 
effects of a very weak (above) and stronger (below) stimuli are illustrated. Time 10 msec. 


followed. Instead, signs of long-lasting local activation could be detected in — 
most cases following the reflex impulses (Fig. 7), and these commonly were 
accompanied by asynchronous propagated discharges when the strength of 
stimulation exceeded a certain level. These asynchronous trains of impulses =‘ 
were difficult to demonstrate when not pronounced because in most cases 
asynchronous discharges were present also in the absence of experimental 
stimulation. 

Following stronger stimulation, the late signs of reflex activity became the 
most conspicuous component of the ventral root waves, and, in fact, a negative 
deflexion of high voltage and long duration followed, with or without delay, /[ 
the earlier bursts whenever the afferent spike was sufficiently large (Fig. 8). 
_ This later wave possesses the characteristics of the one described in decere- 
brated animals by Barron & Matthews and apparently disregarded by sub- 
sequent authors. An obvious step was to correlate the presence of this late 
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negative wave, which could never be elicited in barbiturized animals, with the 
striking differences in the reflex behaviour of anaesthetized and unanaesthe- 
tized preparations, and we have suggested (Brooks & Fuortes, 1952) that the 
late wave corresponds to a fundamental process underlying integrated physio- 
logical reflex activity. The study of the relations between potentials of corre- 
sponding dorsal and ventral roots in these animals confirmed the findings 


_ mentioned before in relation to the early phases of the reflex. It also showed 


that a temporal correspondence, resembling the one which has been found in 
amphibia, exists between p.R.P. and this late negative wave of the ventral 
roots (Fig. 8). 


Fig. 8. Corresponding D.8.P. and V.B.P. evoked by stimulation of a mixed nerve in a decerebrated 
unanaesthetized cat. Weak (above) and strong (below) shocks. Time 10 msec. 


DISCUSSION 
The conditions under which the different patterns of reflex activity to single- 
shock stimulation take place have thus been established in the present research. 
Simple reflex waves of short duration follow any type of stimulation in an- 
aesthetized animals, while long-lasting trains of reflex discharges are evoked 
by stronger stimulation in decerebrated, unanaesthetized preparations. Weak 
selective stimulation could be followed only by efferent discharges of simple 
nature and short duration in these latter preparations, but the propagated 
waves were generally accompanied and followed by signs of long-lasting sub- 
threshold activation. These findings raise questions of a certain importance 
with respect to both the mechanisms of action of the spinal cord and the 
functional significance of the electrical waves related to reflex activity. ~ our 
PH. OXVI. 
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experience, as already stated elsewhere (Brooks & Fuortes, 1952), organized 
reflex movements could be evoked only in the preparations which presented 
the late reflex wave, and corresponded in time with this; a finding which 
could be anticipated, since the duration of an organized movement of a limb 
is such as to require a long-lasting motor discharge. This shows that the delayed 
processes related to spinal reflex activity deserve attention if the scope of the 
research is the study of the integrated functions of the spinal cord, and also 
when only the elementary mechanisms of spinal transmission are considered, 
since it cannot be assumed a priori that the mechanisms responsible for the 
early and late discharges are identical. | | 

In considering the physiological significance of the experimental results on 
spinal reflex activity, it might be relevant to restate an important limitation 
of the experimental approach which is common to most recent researches, 
that is, the use of synchronous afferent volleys as an excitatory agent (see 
Eccles & Rall, 1951; Hagbarth & Naess, 1951). The results obtained with this 
method can be related to the most significant physiological actions of the 
spinal cord only if the effects obtained reproduce the normal patterns of reflex 
activity. Thus, sufficiently strong single-shock stimulation of a cutaneous 
nerve is acceptable, inasmuch as it can give rise to a purposeful movement of 
the limb, which has the same organization as the one evoked by painful sensory 
stimulation. In contrast, the stimulation of a muscular nerve by weak single 
shocks in unanaesthetized preparations, or even by strong shocks when the 
animal is anaesthetized, has an effect which can be related only to the physio- 
logical phenomenon of the tendon jerk, but it cannot be immediately related 
to the functionally more important postural reflexes. Other mechanisms may 
be activated when long-lasting asynchronous trains of impulses and not 
synchronous volleys of afferent impulses are the excitatory agent. The different 
sensitivity of ‘phasic’ and ‘static’ stretch reflexes to spinal shock (see Creed 
et al. 1932, p. 52) may in fact suggest different underlying mechanisms. An 
attempt to relate the electrical waves accompanying reflex activity to physio- 
logical reflex actions has been made in another article (Brooks & Fuories, 
1952), and the rest of the present discussion will be limited to the mechanisms 
of spinal transmission. 

As already mentioned in the introduction, Barron & Matthews (1938), 
considering the late reflex events, assumed that the excitatory process for 
spinal transmission was an electrical action of long duration (the D.R.P.) and 
that the reaction of the neurones to this excitatory process was repetitive. 
_ Other authors, in contrast, on the basis of experiments in which only the © 
earlier reflex discharges were considered, came to the conclusion that the 
excitatory process evoking spinal reflex activity is of short duration and can 
be identified with the incoming impulse. Repetitive action is not accepted, 
and the generation of a postsynaptic impulse is supposed to require arrival of 
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an afferent impulse at the junction. In other words, the functional possibilities 


of @ synapse are supposed to be limited to the alternative of allowing or not" 


allowing the passage of an impulse. In our view, the present results indicate 
that some shortcomings are present in both theories. 

The comparison of the electrical events occurring in corresponding dooeal 
and ventral roots shows that the p.R.P. (defined as the negative wave occurring 
in a cut dorsal root adjacent to the root of entry) cannot be the excitatory 
process responsible for the early phases of the reflex, since it develops after the 
earliest efferent discharges. On the other hand, the view that the incoming 
volley is responsible for all observed reflex discharges is not supported by 
evidence and requires a number of undesirable postulations. Indeed, the 
mechanisms underlying generation of delayed discharges in the spinal cord of 


-mammals have not been considered since Barron & Matthews’s discoveries, 


and Eccles (1939), in an early discussion of their results, accepted the concept 
that impulses can be generated both by a brief excitatory agent and by a long- 
lasting process identifiable with Sherrington’s central excitatory state (see also 
Bremer & Bonnet, 1949; Laporte & Lorente de Né, 1950). The present results 
indicate that a separation of the reflex response into different components is 
clearest when made between the early group of discharges, which is resistant 
to anaesthesia and results in scarce motor effects, and the late wave, which is 
highly sensitive to barbiturates and is responsible for organized reflex move- 
ments. An easily conceivable explanation of these differences can be based 
upon the assumption that the first responses are monosynaptic and the late 
wave involves activation of the interneurones. This hypothesis was first 
suggested by Barron & Matthews (1938) but discarded by later authors, 
because the discovery that some reflex responses of sure monosynaptic origin 
are early and synchronous led to the conclusion that all later responses must 
be plurisynaptic. Thus, the asynchronous burst following the first reflex spike 
is considered to be plurisynaptic, and the changes in the reflex responses 
induced by high doses of barbiturates are attributed to a selective block of 
internuncial activity. Also an excitatory action of the D.R.P. on the inter- 
neurones is not accepted, because this is considered to be a consequence of 
internuncial activity, and not a presynaptic wave. Therman, Forbes & 
Galambos (1940) and Laporte & Lorente de Né (1950) have shown in ganglia 
that synchronous presynaptic excitation can evoke not only a rather syn- 
chronous and early postsynaptic volley, but also asynchronous and delayed 
discharges. 

The demonstration that early and synchronous reflex responses exist in the 
spinal cord, therefore, does not constitute evidence that all monosynaptic 
responses must have the same character and, indeed, indications are available 
suggesting that not all of the assumptions mentioned above can be true at the 


same time. A well-developed p.R.P. can be recorded following mew enon 
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which only gives rise to a pure monosynaptic reflex wave. Moreover, the 
positive after-potentials should be considered a feature of the barbiturate 
anaesthesia, since they are only present in narcotized preparations, but their 
- development does not require that the dose of barbiturates is such as to prevent 
the asynchronous burst. This shows either that the anaesthetic has some other 
action besides blocking the interneurones, or that the asynchronous burst does 
not depend on internuncial activity. A similar alternative is implied in the 
finding that after-positivities can be present in the ventral roots simultaneously 
with large negative deflexions on the dorsal roots. All these facts indicate that 
a revision of the currently accepted theory of spinal transmission is desirable. 
In particular, the fact that a D.R.P. develops also when a purely monosynaptic 
reflex spike is evoked does not prove the presynaptic origin of the D.R.P., but 
indicates that activation of the interneurones, which is subthreshold for 
plurisynaptic discharges, is sufficient for its production. In the absence of 
direct evidence on the locus of origin of the D.R.P., alternative interpretations 
of the mechanisms responsible for spinal transmission can only be tentative. 
The postulation that the asynchronous early burst is of monosynaptic origin 
requires justification of the fact that afferent volleys of different peripheral 
origin, which are apparently well synchronous till they enter the cord, can give 
rise to different organization of the reflex discharge. This can be provided by 
the observation that the local responses resulting in the motoneurones are 
different in the two cases. What gives rise to these early local responses is not 
- clearly demonstrable from our results. Considering the events having an elec- 
trical sign only, the impulse itself, or the events immediately following it and 
related to the positive dorsal root deflexion (to which a negative change 
corresponds in the root of entry (Fig. 66); see Lloyd & McIntyre, 1949), seems 
to have the properties required for eliciting local activity and consequent 
discharge of impulses. Analysis of the relations of the ventral root responses 
with the electrical potentials which can be recorded from the intact root of 
entry might prove a good approach to the problem of the identification of the 
presynaptic excitatory mechanism responsible for the early reflex waves. The 
original interpretation offered by Barron & Matthews, which hypothesizes 
that the p.R.P. is the presynaptic excitatory agent responsible for repetitive 
excitation of the spinal neurones, is still the one which appears to be most 
consistent with the results obtained in relation to the late phases of reflex 
activity. The only alternative interpretation would be that large synchronous 
afferent volleys result in activation of reverberating chains of interneurones 
through a mechanism to be postulated. In this latter interpretation, the site 
of origin of the D.R.P. would be postsynaptic, but the final effect on the 
motoneurones still could be the one suggested by Barron & Matthews (1938). 

As a concluding remark, it can be stated that the reflex discharge resulting 
from a single afferent shock of sufficient strength in decerebrated, unanaesthe- 
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tized animals consists of two groups of waves: an early one, which can be 
further subdivided into two components, and a late, long-lasting one. When 
the late wave is present, it constitutes the major portion of the electrical 
correlate of reflex activity, and it should be considered of great functional 
importance since it relates with the integrated reflex movements of the limbs. 
It is doubtful that the nature and origin of the short-lasting reflex waves are 
identical with those of the later one, and the present results are consistent 
with the interpretation that the early discharges are of monosynaptic origin 
and the late ones involve internuncial activity. Concerning the nature of the 
excitatory process responsible for spinal transmission, it can be stated that 
the p.R.P., as here defined and analysed, cannot be the agent determining the 


outburst of the early waves, but it could be responsible for the late discharge. 


The incoming volley, or events immediately following it and possibly related 
to the early positive deflexion of the D.R.P., could give origin to the earlier 


SUMMARY 

1. Spinal reflex activity following synchronous afferent excitation has been 
studied in mammals with the purpose of determining the conditions under 
which short- and respectively long-lasting efferent reflex discharges occur. 

2. In animals anaesthetized with barbiturates single-shock stimulation of 
peripheral nerves or dorsal roots gives rise to conventional dorsal root poten- 


tial in roots adjacent to the root of entry, and to short-lasting efferent dis- - 


charges in corresponding ventral roots. The onset of the negative dorsal root 
deflexion occurs later than the earliest ventral root reflex discharge. No 
significant difference was found in the p.R.P.’s evoked by muscle, cutaneous 
or mixed afferent nerve excitation, but the reflex response was different. 

3. Decerebrate unanaesthetized preparations, showed, in addition to the 
early reflex volleys present in barbiturized animals, a later wave indicating 
long-lasting depolarization of the motoneurones. Asynchronous efferent 
discharges were imposed upon this late wave. A dorsal root potential was 
also present in these animals, which, though rising later than the early reflex 
discharge, was related to the late ventral root potential as in amphibia. 

4, These results are discussed with reference to different theories of synaptic 
transmission in the spinal cord. Current assumptions concerning the duration 
of synaptic delays and the role of interneurones in spinal transmission are 
criticized, 
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A COMPARISON OF ARM-BAG SWEAT AND 
BODY SWEAT 


By RUTH van HEYNINGEN anv J. 8S. WEINER 
From the Medical Research Council Climatic and 
Working Efficiency Unit, Oxford 


(Received 24 August 1951) 


In preliminary experiments designed to determine the changes in the com- 
position and rate of production of sweat during acclimatization to heat, sweat 
samples were collected in an arm bag. This device has frequently been used for 
the collection of sweat (see Johnson, Pitts & Consolazio, 1944), although it has 
been questioned whether such samples are representative of sweat produced 
from the freely sweating body surface (Mickelsen & Keys, 1943). Ladell (1948), 
however, reported that ‘the chloride concentration of general body sweat is 
the same as that of sweat samples obtained from an arm totally enclosed in a 
bag’. It is known that the chloride content of sweat varies according to the 
part of the body it comes from, and he attributed the fact that the arm and 
body samples were the same, to ‘a chance effect due to the difference in con- 
centration of sweat from different parts of the arm and hand, and to the 
modifying effect of total enclosure’. 

In our preliminary experiments it soon became obvious that the arm-bag 
sweat was not representative of body sweat. Its chloride concentration was 
much higher than values usually reported for general body sweat in the 
_ literature, so much so that the sweat was occasionally hypertonic with respect 
to blood, and its rate of production increased far more rapidly with acclimatiza- 
tion than did the total sweat rate. A direct comparison was therefore made 
between the composition of arm-bag sweat and that of body sweat of subjects 


during their acclimatization to heat by daily exposure to the same hot environ- — 


ment. The comparison was also made using unacclimatized subjects in a 
number of different environments. In addition to chloride, lactate and urea 
were also estimated, since these substances are present in sweat at relatively 
high concentrations. Mickelsen & Keys (1943) have made comparisons of the 
concentrations of chloride, lactate and urea in sweat samples collected 
simultaneously from different parts of the body. 
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A preliminary communication on some of these experiments has already 
been published (van Heyningen & Weiner, 1951). 


METHODS 


Two series of experiments were 

to heat by wade in.» hot room at dry bulb (p.B.) 46-1° C., wet bulb (w.B.) 29-4°C., 
relative humidity (z.H.) 30%, air movement 50 ft./min., for co her, a day, days week, for 
several weeks. Each subject took 10 g. salt after each exposure. 

(2) Two male subjects (M and N) aged 23 and 19, each worked for 2 hr. in eight different 
environments, covering a range of temperatures from 37:2 to 44-4° C. at B.n. 40%, and from 27-7 
to 33-3° C. at 100% 8.H. (approx.). To keep the subjects unacclimatized to heat as far as possible, 
they were exposed only three times a fortnight. Each subject ate 5 g. salt after each exposure. In 
this series skin temperatures were measured on eleven spots of the body, and on the upper arm, 
forearm and wrist within the bag. The eleven spots on the body were: forehead, wrist, forearm, 
upper arm, chest, scapula, loin, outer surface of thigh, medial surface of thigh, calf, toe. The 
measurements, which were taken just before the man started and at the end of each spell of work, 
were made by means of a 40-gauge copper-constantan thermocouple mounted on a small plastic 
holder, and they were recorded by means of a potentiometer and a Tinsley 2 sec, galvanometer. 
The finding of Belding, Darling, Griffin, Robinson & Turrell (1945) that a straight average of the 
thermocouple readings gave a value almost identical to that of the ‘weighted’ mean skin tempera- 
ture was confirmed for the first forty sete of readings, and the eleven skin temperatures were 
therefore averaged; an average of the three values on each arm (upper arm, forearm, hand) was 
also calculated. | 

The subjects completed four cycles of 20 min. work and 10 min. rest in each exposure, except 
for B, who completed only three cycles. The work consisted in stepping on and off a stool, 12 in. 
high, twelve times in a minute. The subjects were previously trained for 2 weeks to the work at 
ordinary room temperatures. 

‘Arm sweat was collected, as in Ladell’s (1948) experiments, in a dry oilskin irrigation 
which completely, but loosely, encased the whole of one arm and hand and fitted firmly 
of the bag. : 

All the sweat from the rest of the body surface was collected in a large bath in which the subject 
spent the whole of the time he was in the hot room. The sides of the bath came up to the shoulders 
so that no sweat splashed outside. It sloped towards one end so that the sweat, and subsequent 
washings of body and bath, could be drained into a weighed bucket. 

The experiments were conducted in the following way: The subject had a tepid shower and was 
then well washed with distilled water, dried and weighed on a man balance to+ 10g. The arm bag 
was put on, and he immediately entered the beth in the hot room. The rectal temperature (clinical 
thermometer) and pulse rate were d ined initially and at half-hour intervals. During the course 
of the experiment the subject drank water (which had been allowed to warm up to approximately 
_ air temperature) at intervals, the total volume drunk being accurately measured and equal to 

the expected loss of weight by sweating—the subject was thus kept in approximate ‘water 
balance’. The arm bag was drained every half hour. At the end of the experiment the room was 
cooled down rapidly to prevent further sweating. The arm bag was removed and the arm and bag 
washed with distilled water until the washings were chloride-free. The combined washings and the 
serial arm samples were set aside for chloride, lactate and urea analysis, The volume of sweat 
adhering to the arm before the final washing was calculated from the expression zy/z, where z is 
the volume of diluted sweat after it was washed down, y the chloride concentration of this diluted 
sweat, and z the chloride concentration of the last bag sample. It is assumed that the chloride 
concentration of the final adherent sweat is the same as that in the last bag sample. From the 
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serial arm-bag samples and the final arm washing the total output and average composition of | 


arm-bag sweat over the whole sweating time was calculated, and compared with the values -- 


obtained for the single sample from the rest of the body surface. The rest of the body surface was 
washed down thoroughly with a jet of distilled water (up to about 3 1.), after which the subject left 
the bath and was dried with paper towels for 2 min. and weighed. Sweat loss was calculated from 
the body-weight loss, allowing for water drunk and urine passed, and for the respiratory water 
loss, but neglecting the small metabolic gaseous loss. The sides of the bath were washed down with 
a spray of distilled water until the washings were chloride-free, and the sweat and washings from 
the body (about 5 1.) collected in the bucket which was then reweighed. The used paper towels 
(which were initially chloride, lactate and urea free) were soaked in water and made up to a known 
volume; the solutes extracted were estimated and the amounts (which were in fact negligible) 
added to those found in the sweat and washings. 

The chloride, lactate and urea concentrations of the diluted sweat from the bath were deter- 
mined. The corresponding values for undiluted sweat were calculated by multiplying these values 
by the factor OF sweet _ (in Tables 1, 2 and 3 body-sweat loss refers to the 
total sweat loss less the sweat from the arm bag.) 

Chloride was determined by a modification of the Volhard-Harvey titration (Peters & Van Slyke, 
1932), lactate by the method of Friedemann & Graeser (1933), and urea by the method of Conway, 
(1947). 


RESULTS 

Body sweat and arm-bag sweat collected from subjects during their acclimatiza- 
tion to heat. The cycles of alternate work and rest produced a continual rise in 
rectal temperature and pulse rate in all the subjects throughout each exposure. 
The changes in sweat rate and rectal temperature were those usually associated 
with acclimatization. The rise in rectal temperature became smaller as the days 


TaB_E 1. Comparison between first and tenth days of exposure to heat. aye 
- , (Second and tenth days compared in subject D) 

Rectal temp. at Pulse rate at Sweatrate Sweat rate 

end of end of exposure (from body) (from arm) 

(°C.) beats/min. (ml./hr.) (ml./hr.) 


Day 1 Day 10 Day 1 Day 10 Dayl Day 10 Day 1 Day 10 
A 39-8 39-0 176 156 606 1175 71 
B 39-3 38-5 152 144 634 768 17 57 
C 39-2 38-5 180 152 159 1003 17 + 66 
D 39-5 38-3 156 -140 696 170 — 2 


passed, as shown in Table 1, where the first and tenth days of exposure are 


- compared. By the tenth day the total sweat rate of all the subjects had 


increased by increments varying from 21 to 98%; by the same time the sweat 
rate from the arm had increased by increments varying from 235 to 288%; the 
ratio of volume of body sweat to volume of arm sweat decreased over the same 
period from between 30 and 50 to about 15. 

In Table 2 the body sweat from one subject (A) is compared with that pro- 
duced simultaneously in the arm bag. The results were substantially the same 
in thirty-eight further tests on the other three subjects, B, C, D (fifteen, nine 
and fourteen successive exposures respectively). The concentration of all three 
constituents was consistently higher in the sweat collected from the arm. 
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During acclimatization the concentrations of all three solutes in body sweat 
fluctuated from day to day but showed no sustained increase or decrease as the 
days passed. The level of urea was about the same and that of lactate was about 
ten times as high as the normal range of blood levels. On a few occasions blood 
lactate was measured, and it was found that the level during work in the heat 
did not rise above that of the subject resting at ordinary room temperature. 

Representative figures for the blood lactate were as follows: subject C, resting 
level, 1:31 m.equiv./l.; after first, second and fourth work periods respectively, 
1-03, 1-21 and 0°83 m.equiv./l. The total output of all the three estimated 
components in body sweat increased during acclimatization. Our finding, that 
the chloride concentration did not diminish during acclimatization and that 
its rate of excretion increased, is due, as McCance (1938) showed, to the 

adequate replacement by mouth of salt losses in the sweat. | 
Tasxx 2. The composition of body and arm-bag sweat of subjects exposed daily to p.B. 46-1° C., 


w.B. 29-4°C., B.H. 30%. Chloride, lactate and urea concentrations are in m.equiv./l. 
Subject A 


Ratio Ratio 
Sweat vol. Ratioof Chloride Urea _chioride/ urea/ 

(ml.in 2 hr.) volumes concen. concn. lactate lactate 
Day Body Arm Arm Body Arm Body Arm Body Arm Body Arm Body Arm 
1 1212 4 340 446 1144 94 244 155 47 47 O57 0-64 
3 1575 58 272 399 103 82 210 52 150 49 51 063 0-71 

4 16665 77 216 448 818 O98 179 52 107 46 46 0-53 

5 172 88 28 510 970 100 181 64 IL1l S51 54 O64 061 
6 1881 87 216 694 925 95 153 569 86 73 61 062 0-56 
7 2000 121 165 6562 85 71 131 569 106 783 66 083 081 
8 2060 133 165 6586 886 101 127 66 93 58 %70 065 0-73 
9 2272 135 168 56:1 866 83 127 64 101 67. 68 0-77 0-80 
10 2350 154 153 6521 827 84 126 75 4109 62 66 089 0-83 
11 2078 119 41756 6527 94 81 4134 57 90 65 68 070 0-67 
12 2073 159 130 544 #826 82 119 68 95 66 69 083 0-80 
13 162 139 «6602 865 81 123 60 92 74 70 0-74 0-75 


In contrast to the general body sweat, the concentration of the three com- 
ponents of the arm-bag sweat fell rapidly during acclimatization and came 
nearer to those of body sweat (Table 2). Nevertheless, the total production of 
these components increased more rapidly in arm-bag sweat than in body | 
sweat, because the greater increase in the rate of sweat production in the 
arm bag more than compensated for the decrease i in concentration of the 
components. 

Body and arm-bag sweat collected from subjects unacclimatized to heat. Table 3 
presents a comparison of the chloride concentrations of body and arm-bag 
sweats obtained from one subject in a variety of environments. The data from 
the second subject in eight similar tests were substantially the same. Again, 
as before, the arm-bag sweat was more concentrated than body sweat. The 
ratio of the volumes of body sweat to arm-bag sweat was high, as in the case 


of subject A when he was still unacclimatized during the first days of exposure 
(Table 2). 
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Fig. 1 shows the average skin temperature of the body surface, of the free 
arm and the enclosed arm, taken at intervals throughout each exposure. The 
temperature averaged over the whole exposure is also shown for the three areas. 
The two subjects gave very similar results. (In the figure it should be noted 
that the ‘effective’ temperatures (Houghton & Yagloglou, 1923) of the 
different environments are given and that a number of additional tests at 
lower temperatures are included.) There was usually little difference between 
the skin temperature of the unenclosed arm and that of the rest of the body, . 
but the temperature within the arm bag was always higher than either of these. 

Comparison of solutes in arm and body sweat. From the concentrations of the 
individual components we calculated and compared the proportions of the 
solutes in sweat collected from the body and from the enclosed arm. 

This was done by comparing the ratios chloride/lactate and urea/lactate in 
the sweats from the two sites of collection. The results for two of the subjects, 
given in Tables 2 and 3, indicate that the composition of the solutes in body 
and arm sweat was very similar for any particular exposure, i.e. the pro- 
portions chloride: lactate: urea were the same or very similar. That this finding 
holds in all the tests carried out on the four acclimatized and two unacclimatized 
subjects is shown by the comparisons presented in Figs. 2a and 26. The data 
include results from fourteen different tests carried out in moderately warm 
environments in which arm-bag sweat could not be drained off but the total 
solutes could be estimated by washing the arm and bag. These additional tests 
on cooler environments account for the lower ratios in Figs. 2a and 26. In 
Fig. 2a is plotted the ratio chloride (m.equiv.)/lactate (m.equiv.) in arm-bag 
sweat (A,) against the same ratio in body sweat (B,). Eighty comparisons were 
made, The correlation coefficient between A, and B, is 0-97. The mean value 
of the differences between A, and B, does not differ significantly from zero 
(t=1+15, degrees of freedom 79). Similarly in Fig. 26, where A, is the ratio 
urea (m.equiv.)/lactate (m.equiv.) in arm sweat and B, the same ratio in body 
sweat; the mean value of (4,—B,) does not differ significantly from zero. 
Sixty-six comparisons were made (¢= 1-07, degrees of freedom 65). The corre- 
lation coefficient between A, and B, is 0-92. 

In view of this close similarity in the composition of the solutes in arm and 
general body sweat, it appears likely that the difference in concentration 
between sweat from the two areas on any particular day was attributable to 
a different distribution of water. This conclusion is based on observations 
obtained on different subjects in a variety of environments and at different 
stages of acclimatization. | : 

DISCUSSION 
In these experiments the concentration of solids in arm-bag sweat was always 
greater than that of general body sweat. There are several possible reasons why 
our findings should differ from those of Ladell (1948). We have shown that 
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TaBxz 3. The composition of body sweat and arm-bag sweat from the unacclimatized subject M. 
Chloride, lactate and urea concentrations are in m.equiv./l. rik, 
Ratio Ratio 


Temp. Sweat vol. Ratioof Chloride Lactate Urea  chloride/_ _—iurea/ 
of env. (ml.in 2hr.)volumes conen. -eonen. concn. lactate lactate 
(°C.) BodyArm Arm Body Arm Body Arm Body Arm Body Arm Body Arm 
B.H. 40% 
372 860 24 358 22 6564 77 #218 #26 %73 31 30 O84 0-34 
388 1031 35 295 329 995 79 226 25 69 42 44 032 031 
43-3 1261 41 308 428 1017 75 198 24 60 57 51 082 0-30 
44-4 1287 50 26-7 9-7 86 180 43 76 53 52 0650 0-42 
B.H. 100% 

27-7 366 11 333 133 429 1056 313 41 %14 O89 0-42 
305 575 28 25 27 522 96 182 81 6568 28 28 082 0-32 
316 710 40 178 382 598 97 162 43 68 309 39 044 0-45 
333 910 46 198 47:2 676 8&7 49 44 5&7 54 57 O51 0-48 
\ 

= 

30F 

18 

36F 


Effective temp. (°C.) 

Fig. 1, Skin temperatures during sweating in unacclimatized subjects. Subject N. The solid lines 
represent the skin temperatures measured initially and at } hr. intervals on (C) the body 
surface, (B) the free arm and (A) the arm enclosed in the bag. The broken lines are drawn 
through points which are the average of each of these five skin temperature measurements 
plotted against the effective temperature (Houghton & Yagloglou, 1923) of the environment 
(40% and approx. 100% z.u.). 

---x-~~~ average of the five values of skin temperature of enclosed arm. 

_ +> M-- - average of the five values of skin temperature of free arm. 

| -++O... average of the five values of skin temperature of body surface. 
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Fig. 2. Comparison between the composition of the solutes in arm and body sweat collected 
simultaneously. (a) chloride (m.equiv.)/lactate (m.equiv.) in body sweat B, and arm 
sweat A, (for 80 comparisons, r =0-97). (b) urea (m.equiv.)/lactate (m.equiv.) in body sweat 
B, and arm sweat A, (for 66 comparisons, r=0-92). @ unacclimatized subjects. © subjects 


at various stages of acclimatization. 
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acclimatization reduces the difference between arm-bag and body sweat, and 
it may be that an extremely high degree of acclimatization to the severe heat of 
his experiments (D.8. 377° C., w.B. 33°8° C.) reduces this difference still more. 
Ladell’s subjects worked in an R.H. of 80% and ‘wallowed’ frequently in order 
to wash off the sweat; this would tend to make the conditions surrounding the 
body more like those surrounding the encased arm, which is presumably 
continually bathed in fluid. ) 

From the results reported here for a wide range of conditions, the danger of 
attempting to deduce the total loss of chloride and of other constituents in body 
sweat by assuming the concentration of this sweat to be that found in arm bags 
is evident. 

Mickelsen & Keys (1943) found that sweat collected simultaneously from 
different areas differed not only in the concentration but also in the com- 
position of the dissolved matter. On some occasions they collected sweat over 
very short periods of time (2-3 sec.), whereas our samples were collected over 
periods of 14-2 hr., and since their collections were apparently not strictly 
simultaneous their experiments cannot be considered comparable to ours. — 

The present findings suggest that sweat produced in different areas over 
a given period of time may be intrinsically of the same composition, and that. 
local factors (Kuno, 1934; Mickelsen & Keys, 1943) may be concerned in 
regional differences in concentration. Lack of evaporation due to enclosure of 
the arm and hand within the bag will increase the humidity and will also cause 
@ rise in skin temperature (Fig. 1). It has frequently been suggested that the 
local skin temperature controls the chloride concentration of sweat (Johnson 
et al, 1944; Robinson, Gerking, Turrell & Kincaid, 1950). The higher chloride 
concentration of sweat formed within the bag may thus be due to the higher 
skin temperature, while the other solutes (lactate and urea) are concentrated 
along with chloride, maintaining the chloride: lactate: urea relationship at that 
prevailing in body sweat (Fig. 2). An alternative explanation is the possibility 
of reabsorption into the skin of water from sweat within the arm bag. Some 
evidence for the diffusion of water into the skin has been advanced by 


Whitehouse, Hancock & Haldane (1932) and Bazett (1949). Such reabsorption — 


of water would be consistent with the fact that the hand is always in a swollen 
condition at the end of an experiment. Whitehouse & Ramage (1933) showed 
also that skin is impermeable to electrolytes, so that any reabsorption which 
may occur would result in a concentration of the remaining sweat. 

A third factor which may be concerned in diluting the general body sweat. 
relative to that from the arm deserves consideration. There may possibly be 
a greater proportion of water in the general body sweat as insensible perspira- 
tion. According to Mitchell & Hamilton (1949) insensible perspiration probably 
stops when the skin is covered with moisture. The surface of the skin within 
the bag must be wet almost continually throughout an exposure to heat, both 
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because there is little chance of evaporation and because sweat which would 
normally drip on to the floor remains trapped in the bag; the rest of the body 
surface would not be covered with moisture to the same extent and evaporation 


would be much freer. At higher skin temperatures the rate of diffusion of water 


through the skin increases (Pinson, 1942; Burch & Winsor, 1944). It is not 
unlikely, therefore, that insensible perspiration may bring about some dilution 
of body sweat compared with arm-bag sweat. There is, however, no way of 
directly determining the proportion of insensible perspiration to sweat in the 
secretion collected under the conditions of the present experiments. 


SUMMARY 


1, The sweat produced in arm bags from both acclimatized and unacclima- 
tized subjects is always more concentrated than that produced over the rest of 
the body surface. 


2. Chloride, lactate and urea are present in very similar proportions in sweat - 


collected simultaneously from the two areas. 
3. Possible reasons for this difference in concentration are considered. 
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THE EFFECT OF ARTERIAL OCCLUSION ON 
SWEAT COMPOSITION 


By RUTH van HEYNINGEN anv J. 8. WEINER 
From the Medical Research Council Climate and Efficiency Unit, 
Oxford 
(Received 24 August 1951) 


The decrease in the rate of sweating which follows arterial occlusion of the 
arm was first reported by Kuno (1934). Our experiments were undertaken to 
discover whether the composition of sweat is also affected by this ischaemia. 
The blood supply to one arm was temporarily occluded, and the sweat pro- 
duced by both arms, each encased in a bag, was compared with respect to 
volume and the concentration of chloride, lactate and urea; these three con- 
stituents account for about 95% of the osmotically active substance in sweat 
(van Heyningen, 1951). The lactate concentration is of particular interest 
since the significance of its high concentration in sweat is unknown. 

We have reported (van Heyningen & Weiner, 1951) that sweat collected in 
arm bags is not representative of general body sweat; nevertheless, this 
method of collection seems suitable for studying the effects of ischaemia since 
the unoccluded arm serves as a control. 

There is a generally accepted relationship between the skin temperature 
and the chloride concentration of sweat (Johnson, Pitts & Consolazio, 1944). 
Preliminary experiments showed that the skin temperature of the arm was 
affected by arterial occlusion. This was therefore taken into account by 
performing the experiments at two levels of dry-bulb temperature, such that 
in one the occluded arm was at a skin temperature above that of the un- 
occluded, and in the other it was below. | 

A preliminary note of some of the results has already been published 
(Weiner & van Heyningen, 1949). | | 


| METHODS 
The six subjects, who were all young male adults, worked nude in the hot room for 2-3 hr. daily, 
5 days a week, in 30 min. cycles of 20 min. work and 10 min. rest. The work consisted in stepping 
on and off a stool (1 ft. high) twelve times a minute. The subjects were previously trained for 
2 weeks to the work at ordinary room temperatures. Sweat was collected in impermeable oilskin 
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2nd work 185 62 80-4 
3rd work 58 130 687 71 123 13-4 6-4 64 894 88-4 
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5th work 9-2 93 782 710 183 £141 53 43 995 980 
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arm bags, tied off below the axilla on each arm. Occlusion of the arterial circulation of one side 
was produced by an upper arm sphygmomanometer cuff inflated rapidly from a pressure reservoir 
to about 200 mm. Hg. , 

The tests were of two kinds. In one, performed on two subjects, there was only a single oc- 
clusion and this was applied for 26 min., i.e. during the first cycle of the exposure period. Sweat 
was collected from both arms immediately before relieving the occlusion and thereafter at the end 
of each of the following four cycles of work and rest. In this series, therefore, the effects due 
purely to ischaemia as well as to subsequent recovery could be followed. The two subjects (Ba and 
W) had each been exposed previously to hot conditions on 5 successive days and were only 
moderately acclimatized. In the second series intermittent arterial occlusion was applied re- 
peatedly during the exposure, usually for 10 min. followed by 5 min. recovery, so that the arm 
was ischaemic for 20 min, in every 30 min. work cycle. This degree of repeated ischaemia proved 
to be the most that the subjects could tolerate. In some experiments the occlusions were of only 
10 or 15 min. duration in each 30 min.. In this series the four subjects were tested daily during 
their period of acclimatization. Observations with neither arm occluded were also made. The bags 


were drained every half-hour. 


Skin temperature was measured on the forearm and wrist within the bag on both arms at the 
beginning and the end of each work period (Fig. 2); a welded copper-constantan (40-gauge) 
thermocouple mounted on a small plastic holder was used and the temperatures were recorded by 
means of a potentiometer and a Tinsley 2 sec. galvanometer. 

The experiments were carried out, as already noted, at two levels of dry-bulb temperature, 
namely above and below body temperature, The conditions used were dry-bulb temperature (D.B.) 
46-1°C., wet bulb (w.B.) 29-4°C., relative humidity (n.u.) 30%, air movement (4.M.) 50 ft./min. and 
D.B. 322° C., w.B. 32+2° C., B.H. (approx. 100%), a.m. 50 ft./min. These conditions were chosen so 
that the ‘Effective Temperatures’ of the two environments were very similar, i.e. the environ- 
ments were roughly equivalent in their degree of warmth (Bedford, 1948). 

Chloride was determined by a modification of the Volhard-Harvey titration (Peters & Van Slyke, 
1932), lactate by the method of Friedemann & Graeser (1933) and urea by the method of Conway 
(1947). 


RESULTS 
Experiments at D.B. 46-1° C. The effect of a single period of ischaemia on 
the properties of the sweat is clear from Table 1. Compared with the control 
arm there is a reduction in volume of sweat, as noted by Kuno (1934), a large 
increase in lactate concentration, but a reduction in chloride concentration. 


TaBLE 1. Effect on sweat composition of a single period of ischaemia (25 min.) 
Subject Ba Subject W . 


? Chloride concn. Lactate concn. rae Chloride concn. Lactate concn. 
Volume (ml.) (m.equiv./1.) (m.equiv./1.) Volume (ml.) = (m.equiv./l.) (m.equiv./1.) 


Sweat sample Control Treated Control Treated Control Treated Control Treated Control Treated Control Treated 


at end arm arm arm arm arm arm arm arm arm arm arm arm 
D.B. 46-1° C.; w.B. 29-4° C.; a.m. 50 ft./min. 

Ischaemia 14-7 6-7 56-1 518 153 28-4 11:7 88 65-7 1 

2nd work 22-1 22-7 67-2 58-1 119 17-2 10-0 110 76:3 72-9 

8rd work 12-2 12-4 69-9 12-4 13-5 25 40 78-7 713 

4th work 8-5 9-1 79-3 72:3 12-7 14:3 28 3-0 83-5 83-5 

5th work 6-5 55 87-6 17-1 140 14-4 2-0 2-4 91-1 85-2 


D.B. 32-2° C.; w.B. 32-2° C.; a.m. 50 ft./min. 


0 580 419 64 310 £180 25 01 
20-4 119 80 85-2 


~ 
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190 304 
17-0 24-1 
15-0 18-2 
15-4 16-9 
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Judged from the sweat composition it appears that recovery is not complete 
until the lapse of at least one hour after the ischaemia period. 

The results of applying intermittent occlusion are shown in Table 2a and 5. 
In the case of subject Bu neither arm was made ischaemic on his first 2 days 
nor on the 14th day of exposure; on Subject S no occlusion was applied on 


the 8th, 9th and 10th days. On the successive days of exposure whenischaemia 


was applied, Bu’s right and left arm were made ischaemic on alternate days, 
while on subject 8 the intermittent occlusion was applied daily on the same 
arm. The following conclusions can be drawn: 

(i) When neither arm was ischaemic the sweat was of almost the same 

amount and composition on both sides (Table 2a, Bu, 14th day; Table 26, 8, 
8th day). The rate of sweat output first rises but then falls after the second 
work period. 

(ii) Sweat volume from the ischaemic arm was at once reduced relative to 
that from the other arm, and with continuation of the intermittent occlusions, 
the production of sweat was cut cows to about half, or less, of that on the 
treated side. 

(iii) The chloride concentration of sweat from the ischaemic arm was always 
slightly reduced relative to that from the other arm during the first half of 
the experiment. Despite continuation of the treatment this reduction did not 
usually persist. With severe occlusions (20 min. in every 30 min.) the chloride 
concentration of the sweat from the ischaemic side, in eight of the twelve 
experiments, suddenly increased sharply above that of the control arm in the 
3rd or 4th half-hour cycles. With a lesser degree of occlusion (10 or 15 min. in 
every 30 min.) this sharp increase in chloride concentration occurred in only 
one of five experiments, and then not until the sixth period. Thus, the sharp 
increase in chloride concentration appears to be the result of prolonged and 
severe ischaemia. 

(iv) The concentration of lactate in sweat was invariably increased by 
ischaemia. The results in Table 2a suggest that the greater the degree of 
occlusion, the greater the increase in lactate concentration. In the second 
subject, 8, who showed all the changes in chloride and lactate concentrations 
already mentioned, the urea concentration was also raised by ischaemia. 
The total output of both lactate and urea was nevertheless reduced on the 
ischaemic as compared with the normal side (Fig. 1). 

(v) When the intermittent occlusion (20 min. in every 30 min.) was dis- 
continued after the first three half-hour periods, during the ensuing three 
periods the concentration of lactate in the sweat from the previously ischaemic 
arm approached that of the normal arm, but remained somewhat higher; 
similarly, the decrease in sweating was checked but the rate was not restored. 
In one of the four experiments the chloride concentration on the ischaemic side 
remained slightly below that of the other arm but on the other three occasions 
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Tasiz 2a. Sweat from ischaemic and normal arms. Volumes in ml. and chloride and 


lactate concentrations in m.equiv./1. p.B, 46-1° C., w.B. 29-4° C., a.m. 50 ft./min. 


| 


Subject Bu 


day (ight rm for 10 min, ot of every 30min, 


Volume: unoceluded 
occluded 

Chloride: unoccluded 
occluded 


Lactate: unoccluded 26-8 


occluded 


Volume: unoceluded 
occluded 

Chloride: unoccluded 
occluded 


15 10 15 0-5 
10 8 0-5 0-2 — 
102-2 1719 2008 
872 1534 2940 
30-3 25:2 42-0 60-3 
32-1 33-7 52-2 88-4 
teh day rm coca or 16 min. out of every 90 min, 
7 20 16 5 
4 15 10 3 
82:7 1073 1349 1714 2110 
717-2 85-7 91-1 1045 187-8 
16-4 165 19-2 22-4 
33-1 20-1 21-1 31-7 
8th day (left arm occluded for 20 min. out of every 30 min.) 
9 18 18 7 2 
2 6 5 1 none 
84-0 985 1103 1220 136-7 
70-0 924 1242 # 171-7 
14-2 12-3 11-3 12-3 13-5 
26-4 25-0 29-1 


Lactate: unoccluded 
occluded 


10th day (left arm occluded for 20 min. out of every 30 min. 


for 14 hr. No occlusions during next 1} hr.) 


Volume: unoccluded 15 23 23 12 9 
occluded 6 13 7 8 4 
Chloride: unoccluded 85-0 95-7 105-0 118-4, 130-6 
occluded 77-2 86-3 100-6 113-1 134-9. 
Lactate: unoccluded 13-7 10-1 10-1 10-3 11-3 
occluded 23-3 22-9 20-4 14-9 
_ 18th day (right arm occluded for 15 min. out of every 30 min.) 
Volume: unoccluded 28 33 20 ll 5 
occluded 18 18 ll 7 3 
Chloride: unoccluded 100-4 107°8 110-9 115-7 125-1 
occluded 82-7 94:5 104-1 105-4 124-0 
Lactate: unoccluded 11-2 9-2 9-5 10-0 11-4 
occluded 20-4 16-0 15:3 14-9 17°5 
14th day (neither arm occluded) 
Volume: unoccluded 6 28 28 18 te 
unoccluded 6 28 28 13 9 
Chloride: unoccluded 79-3 91-8 103-9 107°2 121-4 
unoccluded 79:3 89-8 101-2 109-3 108-4 
Lactate: unoccluded 14:6 10-6 9-8 11/5 
unoccluded 14-8 10-4 9-8 10-2 11-9 
20th day (left arm intermittently occluded 20 min. out of every 30 min. for first 14 hr. 
No occlusions during next 14 hr.) 
Volume: unoccluded 14 36 28 28 13 
occluded 5 20 14 18 7 
Chloride: unoccluded 78-5 97:8 104-7 114-1 116-1 
occluded 73-2 81-9 92-1 100-6 101-8 
Lactate: unoccluded 12-0 9-7 8-6 9-1 9-5 
occluded 20:3 19-9 16-4 11-3 
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TaBLe 2b. Sweat from ischaemic and non-ischaemic arms. Volumes in ml. and chloride, 


lactate and urea concentrations in m.equiv./1. p.B. 461° C.; w.B. 29-4° C. 


Urea: 


Volume: 


: unoccluded (R.) 9-6 12-2 3-0 — — _ 
occluded (L.) 4-4 4-3 1-2 
:unoceluded (R.) 10156 1154 #1262 
occluded (L.) 100-5 113-7 1340 

: unoccluded ) 25-1 20-7 
occluded (L. 31-6 32-3 35:1 
unoccluded 10-8 9-5 9-6 
occluded (L.) 114 11:8 11-3 

3rd day (left arm occluded for 20 min. in every 30 min.) 
unoccluded (R.) 5-2 22-7 15-7 10-1 5-2 
occluded (L.) 1-8 13-7 6-2 3-2 1-0 _ 
: unoceluded (R.) 850 1042 1162 1202 132-7 — 
occluded (L.) 96 1012 1003 £1167 1565-1 — 

: -unoceluded (R.) 20-7 17:8 16-5 16-9 17-0 — 
occluded (L.) 27-0 24-2 23-6 24:3 31-6 _ 
unoccluded (R.) 8-1 6-9 6-6 70 8-2 _— 
occluded (L.) 6:7 7-4 9-0 8-5 10-8 

5th day (left arm occluded for 20 min. in every 30 min.) 
unoccluded (R.) 10-1 35-8 30-9 14-3 10-5 
occluded (L.) 2-6 18-1 11-2 3-2 3-6 — 
: unoccluded (R.) 892 1093 1290 13842 1465 
occluded (L.) 80-8 943 107-71 £1290 138-0 

: unoceluded (R.) 16-6 14-5 16-3 17-0 17-4 — 
occluded (L.) 22-2 23-0 21-1 22-6 23-3 a 
unoccluded (R.) 73 7-0 78 8-9 
occluded (L.) 76 6°7 7:2 9-7 9-7 _— 

7th day (left arm occluded for 20 min. in every 30 min.) 

: unoccluded (R.) 15-0 32-9 20-6 11-0 73 
occluded (L.) 5-1 15-2 78. 4-4 18 — 

: unoccluded (R.) 93 1107 1197 1385-7 176-2 — 
occluded (L.) 918 1046 1165 1308 148-4 — 

: unoccluded (R.) 16-0 13-3 12-2 13-5 15:3 — 
occluded (L.) 21:3 21-5 21-8 22-6 25-6 
unoceluded (R.) 8-2 Tl 6-9 8-2 10-1 
occluded (L.) 8-7 77 8-0 9-8 126 

8th day (neither arm occluded) 

: unoceluded (R.) 15-1 31-6 24-2 14-1 10-8 
unoceluded (L.) 14:8 33-3 27-2 16-3 14-1 — 

: unoccluded (R.) 874 1062 1125 1822 160-2 — 
unoccluded (L.) 925 1108 1165 1191 #1389 

: unoceluded (R.) 13-8 11-8 11-4 11-8 12:3 
unoceluded (L.) 14-6 13-4 12-0 12-1 14-5 
unoceluded (R.) 6-7 6:1 5-3 6-3 8-0 
unoccluded (L.) 6-7 6-7 6-3 7-4 8-0 

12th day (left arm intermittently occluded 20 min. in every 30 min. for first 1 hr. 
No‘occlusions during next 1} hr.) 
unoccluded (R.) 22-8 48-2 47-0 31-1 19-0 11-4 
occluded (L.) 8-6 19-6 14-0 43-6 28-7 18-3 

:unoceluded (R.) 1073 1169 1237 1198 1205 123-4 
occluded (L.) (156 91-8 99-5 116-1 1285 1303 

: unoceluded (R.) 13-7 11-6 11:3 11-4 12-0 12-4 
occluded (L.) 21-4 19-5 17-0 13-0 11-1 12-1 
) 77 71 6-9 76 76 8-6 

occluded (L.) 8-4 76 by 8-2 8-7 9-4 


Ist day (left arm occluded for 20 min. in every 30 min.) 
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it still rose a little above that of the control arm in the fifth period (4-3, 5-5, 
and 8-0 m.equiv./1. higher respectively), in spite of the fact that occlusion 
was no longer being applied. Recovery thus began immediately the arterial 
compression was removed, but was not complete within the next 60 or 90 min. 

In subject 8 the intermittent ischaemia was applied daily to the same arm. 
Table 26 and the average daily values given in Fig. 1 show that the usual 


SOF 
140 
120F = 
100+ 
30+ 


ane a wows ete ute 


Urea 
chloride concn. concn, 


(m.equiv.) (m.equiv.) (m.equiv.) (m.equiv./I.) (m.equiv./l.) (m.equiv./1.) 


Total 


Total 
lactate 


Total 
urea 


Days 
Fig. 1. The effect of intermittent ischaemia applied to the right arm of subject § throughout each 
of his first seven exposures to heat. v.B. 46-1°C., w.B. 29-4°C. On days 8, 9 and 10 no 
occlusion was applied. Comparison between sweat from right and left arms. -- - -, joins 
points representing values for sweat from ischaemic arm; ———, joins points representing 
| values for sweat from non-ischaemic arm. 
changes in arm bag sweat with acclimatization to heat—a progressive increase 
In sweat output and a decrease in concentration of its constituents (Weiner & 


van Heyningen, 1951) was present on the ischaemic as well as on the normal — : 


side. In this subject on days 8, 9 and 10, when no occlusion was applied, the 
composition of the sweat was very similar on the two sides. The output of 
both water and solutes from the previously occluded arm reached, and in fact 
slightly exceeded, that from the untreated arm (Fig. 1). 
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_ Skin temperature of normal and ischaemic arms. The skin temperature of 
both arms increased during exposure to the hot environment. At the environ- 
mental temperature of the experiments described above (p.B. 46° C.) the skin 
temperature was definitely higher on the ischaemic side (Fig. 2, curves A and 
B). The reason for this is that, once the flow of blood was obstructed, the 


surface temperature is governed increasingly by the temperature of the air. 
Accordingly, when the subject was exposed to an-air temperature (D.B. 322°C.) 


a ; 
38 B 
=> ow 
U ‘ 
37 Cc 
A 
36 


0 2 4 6 8 100 120 140 
10 30 SO 70 9 110 130 150 ~ 


Min. 
Fig. 2. Effect of intermittent ischaemia of the arm on the skin temperature of that arm. Curves A 
and B ischaemic and non-ischaemic arms compared at p.B. 46-1° O., w.B. 29-4° C.; curves D 
and C ischaemic and non-ischaemic arms compared at p.B. 32:1° C., w.B. 32-1°C. ----- " 


ischaemic arm; ——, non-ischaemic arm; f¥, periods of occlusion; J, periods of work. 


Subject 8. 
lower than that of the general body surface, as in the experiments described 
below, the skin temperature of the ischaemic arm assumed a level lower than 
that of the untreated limb (Fig. 2, curves C and D). In both environments the 
temperature of the intermittently ischaemic arm altered in the direction of 
that of the normal arm during the 5 min. in which the circulation was restored. 

_ Experiments at D.8. 32-2°C. Observations were made with the same pro- 

cedures as before to see whether the effects of ischaemia would be altered 
when the occluded arm was cooler than the control. 7 

The effects of a single period of ischaemia (Table 1) were very similar to 
those at D.B. 46-1°C. and again it was clear that the effects of ischaemia 
persisted for at least an hour following the arterial occlusion. 

The repeated applications of occlusion were carried out in twelve experi- 
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"Tantmz 3. Sweat from ischaemic and non-ischaemic arms from subjects at p.B. 32-2°C., q 
w.B. 322°C. The occlusions were all for 20 min. in every 30 min. Volumes in ml. and chloride» a 
lactate and urea concentrations in m.equiv./1. a 
Serial no. of half-hourly collections i) 
3 
Subject W 
Volume: unoccluded 88 92 92 34 — 
Chloride: unocceluded 51-7 673 780 89 
occluded 450 582 648 — 
Lactate: unoceluded 184 168 161 163 — a 
occluded 225 22 22063 £273 
Volume: unoccluded 181 162 121 50 41 
occluded 6-1 3-8 3-6 1-6 
Chloride: unoceluded 83-7 59:7 880 876 945 
occluded 483 686 736 77:7 79-7 
Volume: unoccluded 7-5 9-2 7-2 45 6-6 
91 10 74 «+42 £07 
Chloride: unoceluded 47-4 669 75:3 821 99:3 
| 442 633 772 847 855 
Subject G 
Volume: unoceluded 2568 17-7 3-3 2-9 
occluded 49 81 30 09 
Chloride: unoceluded 489 660 775 846 102-4 
426 581 696 906 97-1 
Lactate: unoceluded 209 196 21:7 
occluded 432 353 49 — 
Urea: unoceluded 81 72 69 
Volume: unoceluded 368 344 120 8-8 4:8 
occluded 165 159 103 65 30 
Chloride: unocoluded 45:7 616 681 71:3 798 
occluded 402 530 621 80-1 1063 
Volume: unoceluded 183 273 223 212 4 
occluded 12-7 125 8 97 5-0 


Subject Wig 
Volume: unoceluded 15 IDL 125 58 95 
Chloride: uncccluded 191 36:7 561 789 65-2 


Chloride: unoceluded 35-7 59-3 74 B3°5 
occluded 35-1 52-8 61-2 72-0 99-0 
Volume: unoccluded 13-2 14-5 21-6 21-1 23-2 
occluded 9-1 21-8 10-4 11-1 4-1 
Chloride: unoccluded 37°7 65-3 71-0 84-7 95-1 
occluded 34°7 58-9 93-5 89-8 97:3 
Subject Ba | 
Volume: unoceluded 108 2983 28:7 12-4 5-0 | 
4:6 19-9 9-8 71 5-8 
Chloride: unoccluded 482 70-8 85-0 855 103-1 
occluded 38-3 61-7 716 783 988 
Lactate: unoccluded 17-0 13-4 13-6 14-7 15-9 : 
occluded 30-1 22-7 19-0 26-8 
Volume: unoccluded 12-7 35:3 39-0 21-2 16-8 : 
occluded 6-8 12-6 78 6-6 5:3 
Chloride: unoceluded 54:8 72°7 90:3 95-1 97:8 
occluded 49-3 49-1 72-4 81-6 94:6 
Volume: unoccluded 10-4 24-6 25-3 14°] 11-2 
occluded 7-1 10-1 8-9 43 3-8 | 
Chloride: unoceluded 48-6 68:1 82-1 92-0 96-3 4 
occluded 48-6 62-8 71-9 81:3 143-7 E 
Volume: unoccluded 1-4 72 106 5-5 4-0 
occluded 6-9 10-5 5-2 1-4 
Chloride: unoceluded 31:1 58-5 76-3 82-7 95-4 
occluded 44-2 62-1 696 111-0 
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ments on four subjects (Table 3). As before, the sweat volume diminished 
and the lactate and urea concentrations (in all cases where these were esti- 
mated) increased ; again as before, the chloride concentration on the ischaemic 
side decreased in the initial periods of occlusion from the ischaemic arm. The 
only difference between the effect of ischaemia in the two environments was 
the fact that the sharp elevation in chloride concentration tended to occur 
later in the experiments at the lower dry-bulb temperature. Thus, of twelve 
tests carried out at p.B. 46°1° C. (occlusions 20 min. in every 30 min.), this 
occurred in five in the third work period, in one experiment in the fourth 
period, and in two in the fifth; whereas in twelve experiments at D.B. 32-2°C 
the figures were 2, 2 and 4 in the respective work periods. This tendency for 
the lowered chloride concentration to persist longer may well be attributable 
to the fact that the skin temperature of the occluded arm is below that of the 
unoccluded, since, in general, the concentration of chloride is directly related to 
the skin temperature (Johnson et al. 1944). We regard this observation, how- 
ever, a8 no more than suggestive, since it was not possible to use the same 
subjects in both environments and so to make a strict comparison between the 
two series. 
DISCUSSION 

These experiments show that ischaemia not only reduces the sweat rate (Kuno, 
1934; Randall, Deering & Dougherty, 1949) but also alters the composition 
of the sweat. Lactate and urea concentrations are always increased. There is 
always at first a small decrease in the chloride concentration followed by 
a sudden increase if the intermittent ischaemia is prolonged. Both Kuno and 
Randall et al. consider that recovery from ischaemia is rapid as judged by 
sweat output. However, the changes of sweat composition, and particularly 
in lactate concentration, indicate that the ischaemic effect may be made 
to persist in some degree for even an hour and a half after cessation of the 
arterial occlusion. 

In addition to the action of ischaemia (described in this paper), the only 
other factors known with some certainty to influence the composition of sweat 
are the temperature of the skin (Johnson et al. 1944; Robinson, Gerking, 
Turrell & Kincaid, 1950) and the dietary chloride (McCance, 1938; Conn, 1949; 
Weiner & van Heyningen, 1951). These factors have been shown to alter the 
sweat chloride content. 

The data available do not permit of any final explanation of the changes in 
sweat composition brought about by ischaemia. These changes cannot be the 
result of alterations of skin temperature, since they occur whether the ischae- 
mic arm is cooler or warmer than the normal. The small but consistent initial 
fall in chloride concentration may be in the nature of a ‘chloride shift’ brought 
about by the accumulation of carbon dioxide in the ischaemic glands. 

The rapid increase of sweat lactate is consistent with the view that ischae- 
mia imposes an anaerobic form of metabolism on the sweat gland. Whether 
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the normally high sweat lactate level indicates that the ordinary functioning 
of the gland may also in some degree involve an anaerobic mode of meta- 
bolism must remain an open question. 

That the lactate is in all probability a product of the metabolism of the 
sweat gland and is not derived from blood or tissue fluid is supported by the 
experiments of Whitehouse (1935), who found that a large increase in blood 
lactate induced by exercise did not alter that of the sweat. In confirmation, 
we have found that blood lactate raised to as high as 14-9 m.equiv./l. by severe 
exercise was quite ineffective in raising the sweat lactate level. Randall et al. 
(1949) concluded that ischaemia affected the nervous regulation of secretion 
and that the site of action was not primarily the glands. In view of the 
alteration in the composition of the sweat the possibility remains, however, 
that the marked depressive action of ischaemia may well involve a disturbance 
in the activity of the glands themselves. 


SUMMARY 


1. Intermittent arterial occlusion of the arm brings about a lowering of the 


sweat rate from this arm, and an increased concentration of lactate and urea 
in the sweat. | 

2. Sweat chloride concentration is slightly lowered, but if the intermittent 
ischaemia is prolonged it often rises suddenly above that of the control arm. 

3. These changes in chloride concentration cannot be a reflexion of changes 
in skin temperature, since they occur when the ischaemic arm is either cooler 
or warmer than the other. 

4, As judged by changes in sweat composition, the after-effects of arterial 
occlusion may persist for as long as a hour and a half. 


We acknowledge with gratitude the technical assistance of Mr R. Baldock and the stoical co- 
operation of the experimental subjects. 
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THE INFLUENCE OF INSULIN ON THE PERMEABILITY 
OF THE BLOOD-AQUEOUS BARRIER TO GLUCOSE 


By E. J. ROSS* 
From the Institute of Ophthalmology, London, W.C. 1 


(Received 12 October 1951) 


Previous studies of the permeability of the blood-aqueous barrier to a series 
of non-electrolytes have shown that the most important physico-chemical 
property of the compounds examined in determining their rate of transfer 
from the plasma into the aqueous humour was their lipoid solubility. It was 
noted, however (Ross, 1951), that glucose formed an exception to this general- 
ization, for this substance enters the eye at a rate much faster than that of 
substances of equivalent ether/water partition coefficient: further investiga- 
tion has therefore been made to elucidate the mechanism of this preferential 
rate of transfer of glucose across the blood-aqueous barrier. The possibilities 
appeared to be: first, that glucose underwent a chemical change into a more 
lipoid-soluble substance before penetrating the cell membrane; this, as is 
discussed below, is unlikely. Secondly, a special mechanism may exist to 
accelerate the rate of transfer of glucose across the cell membrane, a process 
in which insulin may participate. To test this second hypothesis, the rate of 
penetration of glucose into the eyes of normal rabbits was compared with its 
rate of penetration in the alloxan-diabetic animal and in the normal animal 
under the influence of injected insulin. 


METHODS 

General. Rabbits were used as the test animal and were chosen so that their weights were 
between 2-0 and 2-2kg. In all cases anaesthesia was induced with pentobarbitone sodium 
(Nembutal), and the animals were left for 1 hr. to ensure that the blood sugar returned to the 
normal level after the excitement of being handled. Initial samples of blood and of aqueous 
humour from one eye were then taken and the blood-glucose level raised by the intravenous 
injection of 12 ml. of isotomic (5%) p-glucose; the raised blood level was maintained constant 
by an automatic injection apparatus. Blood samples were taken from the marginal vein of the 
ear at frequent intervals to check the constancy of the raised blood level. The renal vessels were 
not ligated except during the determination of equilibrium values. After the requisite time 

interval, the aqueous humour of the other eye was removed and the final blood sample taken. 
Induction of diabetes. Diabetes was induced by means of alloxan monoh (British Drug 
Houses) 150-300 mg./kg. depending upon the degree of hyperglycaemia administered 
_ *“With a Grant from the Alexander Pigott Wernher Memorial Trust Fund. | 
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as a neutralized solution in phosphate buffer at pH 7-4; in general, the greater the dose of alloxan 
administered the more severe the degree of hyperglycaemia produced, but very wide individual 
variations were found in different animals, some being completely resistant to the drug. A blood 
sugar concentration exceeding 500 mg./100 ml. was never produced by a single dose of less than 
250 mg./kg. Since rabbits treated in this way tend to die during the hypoglycaemic phase of the 
diabetes, the experimental animals were given subcutaneous glucose (40 ml. of 10% solution) with 
the alloxan and glucose-water to drink was given during the first 2 days. When high blood- 
glucose levels were required, diabetes was induced by stages; 150 mg./kg. of alloxan was ad- 
ministered, followed 4 days later by 200 mg./kg., followed again 4 days later by 250 mg./kg., and 
so on, thus avoiding the severe hypoglycaemia which follows the administration of large doses of 
alloxan. No casualties followed this procedure but there was a noticeable tendency to develop 
resistance to the effects of alloxan. The blood sugar was estimated daily and at least 4 days were 
allowed to elapee after the animal had become hyperglycsemic before » diffusion experiment was 


Allokin-Ainhetio rabbits are more susceptible then niemsl animale to the respiratory-depres- 
sant effect of barbiturate anaesthesia and care must be exercised during the induction. On the 
other hand, when anaesthesia was allowed to become very ‘light’ during the experiment, it was 
noted that values of the permeability constant k,, were very much higher than when anaesthesia 
was ‘deep’ throughout. Adrenaline liberated during stage 2 anaesthesia may increase the perme- 
ability of the blood-aqueous barrier and further experiments are being performed to test this 
possibility 


Insulin experiments. After the animals were anaesthetized, a priming dose of soluble insulin 
{Burroughs Welloome) was given of 10, 5, 2 or 1 unit as indicated in Table 3; insulin (2 units/ 
100 ml.) was also added to the transfusion fluid. One hour was allowed to elapse between the 
insulin injection and the commencement of the experiment to give the insulin time to act. 

Chemical analysis. Glucose was estimated by the method of Somogyi (1945) on barium 
hydroxide-zinc sulphate filtrates. It was found that this reagent was not affected by an amount 
of ascorbic acid likely to be found in the aqueous humour (25 mg./100 g. H,O) and that yeast 
fermentation of samples of plasma resulted in titration figures equal to those of the blank of the 
reagent. Urea was estimated by the micro-diffusion method of Conway (1950) and phosphate by 
the method of Fiske & Subbarow (1929). All concentrations are expressed as mg./100 g. H,O. 


RESULTS 
M. athienatioal treatment. The simplest mathematical expression which will 
incorporate the concept of the transfer of a substance from the plasma to the 
aqueous humour, without implying the mechanism concerned, followed by its 
loss from the anterior chamber by drainage, has the form — 


= kn Cy — (1) 


where the permeability constants kj, and ky, incorporate all the factors 
tending to transfer the substance into and out of the aqueous humour; the 
constant k,y incorporates factors for drainage from the anterior chamber by 
flow through Schlemm’s canal or its homologue in lower animals, for loss by 
diffusional exchange with the extracellular fluid of the lens and cornea and 
the blood in the vessels of the ciliary body and of the iris, and for the ultiliza- 

tion of glucose within the eye. It is assumed that the rate in is proportional to 
the concentration of the substance in the plasma-water (C,,) and that the rate 
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out is proportional to its concentration in the aqueous Sieinoke 02 at 


equilibrium 
hin Op =kout Ca 
Pp 
or kin = Thout: ~ (2) 


Assuming that the concentration of the substance in the Brent remains 
constant during the process of transfer, equation (1) integrated between _ 
limits ¢, and ¢, becomes — 


This method of treatment is based upon that of Kinsey & Grant (1942) with 
modifications by Palm (1947, 1948) and by Kinsey & Baérdny (1949) and results 
in the derivation of a permeability constant, k,,, which is proportional to the 


rate of transfer of a given substance from the plasma to the aqueous humour. 


This constant has the dimensions ¢-", or if multiplied by 100, expresses the 
percentage transfer of the substance across the blood-aqueous barrier per 
minute. The relationship between the constant ,, and the permeability con- 
stant K’, used in previous communications is given by 


100K’, = 2605 kin. 


Since it is difficult to maintain a perfectly constant elevated blood sugar level, . 


particularly in animals which have been treated with insulin, the value of k,,, 
is obtained by the.integration of equation (1) in the form: 


AC, = kan 


AC, 
hn = 190, dt (4) 


In the integration of this equation the assumption is made that the time course 
of C,, between t, and ¢, is linear. This assumption is incorrect since the value 
of Phe decreases with time (Ross, 1951); a series of experiments over varying 
time intervals has been performed and the 20-30 min. interval selected as 
the best approximation to the true permeability constant. 


or 


Experimental results. The permeability constant k,, for glucose was found 


to range from 1-65 to 2:11 x 10-? min 1, the mean of ten experiments being 
1-89 + 0-36 x 10-2 min.-! (s.£. of seat, Harris & Gehrsitz (1949), using 
the same method of glucose estimation in the rabbit, report a. hie at of 


Hagedorn-Jensen method, found a value of 1:5 x 10-2 min.-". 


2-1x 10 min.-, whilst, in the cat, Davson & Duke-Elder (1948), using we 
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- Owing to the lability. of the blood glucose level, the equilibrium ratio 
between the aqueous humour and the plasma-water could not be obtained by 


the analysis of samples of these two fluids taken simultaneously, for even 


after an hour’s sedation under Nembutal the values of C,/C, ranged from 


. 0-45 to 0-96 in ten experiments. The blood glucose level was therefore elevated 
for several hours in anaesthetized animals with ligated renal arteries, and the 


approach of the aqueous glucose concentration to the plasma glucose con- 
centration determined in a number of experiments over a graded series of 
time intervals; the aqueous concentration was found to become parallel to 
the plasma concentration in 120 min. at a value of r=0-85. This agrees 
closely with the figure of 0-84 obtained by Harris & Gehrsitz (1949) and with 
Davson & Duke-Elder’s (1948) figure of 0-86, both for rabbits. Part of this 
deficit in the aqueous humour is due to utilization within the eye (Davson & 
Duke-Elder, 1948), part due to loss by drainage through Schlemm’s canal. 
In the alloxan-diabetic rabbit, when fully hyperglycaemic, the equilibrium 


. value rose to 0-92. That the equilibrium value should be higher in the hyper- 


glycaemic animal than in the normal is understandable since the glucose con- 
centration in the aqueous humour of the diabetic is 3-6 times higher than 
normal, but glucose is still being metabolized at the same (or a slower) rate 


go that the same quantity of glucose is removed from a higher total glucose 


concentration in the aqueous humour; although the absolute deficit is the 
same as in the normal animal, the relative deficit will be lower, resulting in 
a higher value for the term C,. Table 1 shows the values of k,, following the 


injection of alloxan. The rate of penetration of glucose during the hypo- 


glycaemic phase of alloxan-diabetes is significantly higher than that of the 
normal animal and also higher than of animals to which exogenous insulin 
had been administered. The most generally accepted theory of the production 
of hypoglycaemia following alloxan administration is that preformed insulin 
is liberated from the damaged f cells (Hughes, Ware & Young, 1944), a view 
which is supported by the above experimental findings. 

In the diabetic animal with established hyperglycaemia the permeability 
constant ,, fell to an average value of 1-01 x 10-2 min.~! compared with the 
normal value of 1-89 x 10-* min.-. This figure is not, however, as low as would 
be anticipated if glucose were entering by diffusion at a rate consistent with its 
partition coefficient; a value nearer to that of sucrose (0-23 x 10-* min.~') 
would be expected, possibly indicating that some insulin is still circulating in 
these animals. 

In the derivation of the permeability constant k,,, the rate of entry has 
been assumed to be proportional to the plasma concentration. If, however, 
the increase in the rate of entry is not proportional to the increase in plasma 
concentration as has been postulated, but is slower at higher plasma glucose 


- concentration, then the value of k,, during the hypoglycaemic and hyper- 
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glycaemic phases could vary as has been described above, the variation merely 
being due to differences in the plasma glucose concentration at which the 
experiments were performed and not due to specific effects occurring in the 
course of alloxan diabetes. 


Taztx 1. The rate of penetration of glucose across the blood-aqueous barrier (&,,) in rabbits 
following the intravenous injection of alloxan correlated with the fasting blood glucose 
concentration 


Fasting Mean Aqueous glucose 
blood blood concn. 


glucose ucose of expt. value 10? 
concn. 035009 Initial Final (min.) of r taste.) 
A. Animals in hypoglycaemic phase 
60 235 42 190 30 0-85 71-7 
75 153 58 117 30 0-85 4-9 
104 182 102 150 21 0-85 5-9 
113 159 92 121 20 0-85 6-2 
120 406 129 226 21 0-85 7-2 
B. During phase of rising blood sugar 
151 281 140 165 20 1-7 
155 365 141 182 20 0-85 1-7 
226 403 210 254 20 0-92 1-8 
256 451 188 241 22 0-92 1-5 
293 498 265 311 24 0-92 1-1 
305 570 284 373 24 0-92 2-0 
331 462 327 359 30 0-92 146 
C. Animals with established hyperglycaemia 
476 603 434 496 21 0-92 0-74 
482 623 442 481 20 0-92 1-19 
— 498 750 458 523 22 0-92 1:37 
548 716 510 547 20 0-92 1-01 
550 781 521 568 21 0-92 1-02 
581 726 532 569 20 0-92 0-76 


All concentrations are expressed as mg./100 g. H,O. 


In order to demonstrate the existence of a direct effect of insulin in acceler- 
ating the rate of entry of glucose into the eye, exogenous insulin was injected 
into normal rabbits. Table 2’ presents the results of diffusion experiments in 
which varying amounts of insulin were injected intravenously 1 hr. before the 
commencement of the diffusion experiment. It will be noted that when large 
doses of insulin were given (10 units) the permeability constants were consis- 
tently lower than when smaller doses (e.g. 1 unit) were given. This may pos- 
sibly be due to the presence of pancreatic alpha cell glycogenolytic hormone 
in the insulin preparation used; alternatively, it may be ascribed to the 
mobilization of factors (anterior pituitary and/or adrenal cortical hormones) 
as a defence reaction to counteract the hypoglycaemic effects of insulin. An 
insulin-antagonistic action of pituitary-adrenal origin affecting the rate of the 
assimilation of glucose in peripheral tissues is well known and is usually 
ascribed to a depression of the rate with which glucose enters the phosphoryla- 
tion mechanism rather than to a specific action on the permeability of cell 
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membranes to glucose; the possibility that these two actions are identical is 
discussed below. | 
In order to be sure that the action of insulin on the permeability of the 

blood-aqueous barrier was specific for monosaccharides and not a general 
breakdown of the selective permeability of the barrier, experiments were per- 
formed in which the rates of the simultaneous penetration of glucose and urea 
were determined following the injection of insulin into normal animals. The 
rate of penetration of glucose was increased; that of urea was not. 


Taste 2, The rate of penetration of glucose across the blood-aqueous barrier (k,,) of rabbits 
following the intravenous injection of varying doses of soluble insulin 


Dose of Blood glucose conen. ee eee Assumed 


units Initial Meanraised Initial Final (min.) of r (min.~*) 
10 40 327 66 191 20 0-85 41 
1-0 56 343 63 212 30 » 0-85 49 
10 83 251 96 176 20 0-85 5-2 
2-0 40 202 48 134 20 0-85 5-9 
2-5 38 313 71 162 12 0-85 5-0 
2-5 48 320 24 161 25 0-85 3-0 
5-0 29 134 . 61 89 20 0-85 3-9 
«60 18 192 46 105 30 0°85 2-2 
5-0 50 192 32 80 20 0-85 2-1 
5-0 41 262 35 101 21 0-85 2-1 
10-0 51 218 61 112 20 0-85 2-2 
10-0 27 192 30 74 30 . 0-85 2-4 
10-0 31 252 - 62 121 20 0-85 2-3 


All concentrations are expressed as mg./100 g. H,O. 


DISCUSSION 
The transfer of water and solutes across a living cell membrane can take place 
either by a process of diffusion or by active transport. A study of the perme- 
ability of the blood-aqueous barrier to non-electrolytes has shown that, of the 
variables concerned in a diffusion process—molecular volume, specific chemical 
groupings and lipoid solubility—that of greatest importance in determining 
the rate of penetration of a test-substance into the aqueous humour is the 
lipoid solubility of the substance in question. A close correlation was found 
between the rate of entry and the lipoid solubility of the compounds examined 
with the important exception of glucose. Glucose, although highly lipoid- 
insoluble (its ether/water partition coefficient is given by Collander (1949) as 
_ 45% 10-*) enters the eye at a rate far in excess of that of compounds of 
equivalent lipoid solubility; its rate of entry, for instance, is eight times that 
of sucrose which has a similar ether/water partition coefficient (1-1 x 10-*). 
On the other hand, the molecular size of the substances studied did not appear 
to be a factor of importance in determining the rate of penetration; urea 


(mol. wt. 60) and creatinine (mol. wt. 113), for instance, penetrate at identical 


rates in the cat (Davson, Duke-Elder, Maurice, Ross & Woodin, 1949). 
Glucose (mol. wt. 180) penetrates three times faster than urea, although its 
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molecular weight is three times as great. It is to be noted in addition that the 
monosaccharides are heavily hydrated—considerations which would seem to 
exclude the possibility that glucose enters the eye passively through pores. 
Further studies with lipoid-insoluble substances of low molecular volume are 
required to obtain more conclusive evidence for the presence or absence of 
a sieve-like effect at the membrane. | 

The characteristics of the permeability of the blood-aqueous barrier with 
respect to the non-electrolytes so far examined are thus explicable on the 
basis of diffusion across a lipoid membrane with the exception of the penetra- 
tion of glucose and other monosaccharides; for these substances a special 
mechanism must be invoked. The existence of such a mechanism for the 
preferential transfer of glucose into the intraocular fluids is of obvious im- 
portance in the economy of the eye since these fluids form the scle source of 
nutriment of the lens and are an important source in the case of the retina, 
two structures which are known to have a high rate of glycolysis. 

In plant cells glucose penetrates the plasma membrane at a rate consistent 
with its partition coefficient (Collander & Barlund, 1933). In the case of the 
blood-aqueous barrier, on the other hand, although there is no evidence of an 
active transport of glucose up a concentration gradient, the rate of transfer 
of glucose into the eye is greater than would be expected from a consideration 
of the physico-chemical characteristics of this compound. It is not only 
glucose which shows this accelerated rate of entry. Davson & Duke-Elder 
(1948) have shown that D-galactose, 3-methyl-glucose and D-xylose, all highly 
lipoid-insoluble compounds with an ether/water partition coefficient of less than 
10-*, enter the eye as fast as, or even faster than, glucose in the cat. Harris & 
Gehrsitz (1949) have reported similar findings in the rabbit; their rates of 
entry are: 


ky 
(x10-* min.~) 
p-Glucose 
2-9 
D- 3-2 
p-Arabinose 16 


One possible explanation is that these carbohydrates are transformed in 
the plasma into derivatives possessing a higher lipoid solubility than the parent 
substance, but there is no experimental evidence for the existence of such 
hypothetical substances. Alternatively, it would appear that the membranes 
constituting the blood-aqueous barrier are specialized to permit the preferen- 
tial entry of monosaccharides, as was suggested by Davson & Duke-Elder 
(1948). Davson & Reiner (1942) have discussed a similar problem with regard 
to the permeability characteristics of the erythrocyte. A predominantly lipoid 
or lipoid-protein membrane, such as will account for many of the permeability 
characteristics of the red cell and likewise of the blood-aqueous barrier, may 
present a selective barrier to diffusion, enabling the cell to maintain a distinc- 
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tive internal environment greatly different from its external environment; 
| . * such a membrane, however, may, in terms of the Danielli theory of cell per- 
% g mesbility (Danielli, 1935, 1943), offer too great a potential energy barrier at 
- the plasma-membrane interface for the highly water-soluble monosaccharides 
~ to be able to penetrate from the water phase (i.e. the plasma) into the lipoid 
_ phase (i.e. the cell membrane). To circumvent this difficulty some ‘activated 
_ diffusion’ mechanism may be presumed to exist either: (a) to raise the kinetic 
_ energy of the monosaccharides in the water phase so as to enable them to 
, jump the potential energy barrier at the phase boundary, or, much more 
probably, (b) to lower the potential energy barrier at the interface to those 
_ substances of metabolic importance, this effect being either generalized over 
_ the whole surface of the cell or localized in ‘active patches’. 
The blood-aqueous barrier is not a simple anatomical entity but varies in 
_ constitution in the various parts of the eye. In its simplest form it will consist 
of a single layer of cells. Glucose can cross this layer either by transfer 
through the cells of which the layer is composed, or can pass between them. 
The evidence in favour of a transfer through the cell interior is, first, that the 
permeability of the blood-aqueous barrier is similar to that of many cell 
_ membranes. Secondly, Maurice (1951) has calculated that the cross-sectional 
_ area of the intercellular spaces of the ciliary body and iris is not adequate to 
_ permit the passage of sufficient water to account for the amount of aqueous 
humour formed per unit of time. The accelerating action of insulin on the — 
_ transfer of glucose across the blood-aqueous barrier suggests that the mechan- 
ism of transfer is enzymic. A phosphorylation mechanism is considered to 
_ participate in the entry of glucose into muscle cells (Sacks, 1944), and in the 
_ absorption of sugar from the intestine (Verzar & McDougall, 1936), where 
hexokinase and phosphatase form a phosphorylating-dephosphorylating 
system (Hele, 1950). The existence of such a system in the ciliary body would 
satisfy the requirements of the activated diffusion mechanism suggested 
above. If this is so, since not only glucose but galactose, 3-methyl-glucose and 
xylose (a pentose) show a preferential rate of entry into the aqueous humour, 
the hexokinase concerned must be unspecific or else multiple enzyme systems 
_ maust be present; Hele (1950) has similarly found that glucose, galactose, 
_ fructose, mannose and xylose were all phosphorylated by ‘hexokinase’ in 
homogenates of the intestinal mucosa of rats. The experimental results 
presented here show that the hexokinase concerned in the transfer of mono- 
_ saccharides from the extracellular fluid into the interior of the cell must be 

situated on the cell membrane and, since glucose enters the eye as free glucose 

and not as glucose-6-phosphate, a phosphatase must be present as well on 
the membrane. The action of insulin in accelerating the rate of transfer of 
glucose across the blood-aqueous barrier would therefore result from an 
accelerating effect of insulin upon the hexokinase reaction. 
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SUMMARY 

1. Glucose penetrates into the intraocular fluids from thé plasma at a rate 
which is much faster than that of other non-electrolytes of equivalent ether/ 
water partition coefficient. A possible mechanism for this preferential rate 
of entry has been investigated in the rabbit by a comparison of the rate of 
penetration of glucose in normal rabbits, in alloxan-diabetic animals and in 
animals receiving exogenous insulin. 

2. The permeability constant for the — of glucose in normal 
animals was found to be 1-89 x 10-* min 

3. After the injection of alloxan, the permeability constant .ranged from 
5-9 to 7-7 x 10-* during the hypoglycaemic phase of alloxan diabetes, from 
1-1 to 2:0 x 10-* during the phase of rising blood-sugar, and fell to a mean of 
1-01 x 10-* when hyperglycaemia was established (blood-sugar levels above 
450 mg./ml.). 

4, The existence of a special mechanism, enzymic in nature, for the acti- 
vated diffusion. of glucose across the blood-aqueous barrier is suggested, and 
the possibility that it is a phosphorylation-dephosphorylation system is 
discussed. It is emphasized that such an enzymic system is not intracellular 
but must be situated on the membranes of the cells constituting the blood- 
aqueous barrier. 

5. Under the influence of exogenous insulin the permeability constant had 


@mean value of 4-7 x 10-* when 1 unit of insulin was injected, 4-0 x 10-? 


with 2-5 units, 2-6 x 10-* with 5 units and 2-3 with 10 units of insulin. An 
accelerating effect of insulin on the rate of penetration of glucose across the 
blood-aqueous barrier is thus demonstrated. Possible explanations for the 
decreased rate of penetration with high doses of insulin are discussed. 


I am indebted to Sir Stewart Duke-Elder, Dr H. Davson and Dr M. E. Langham for advice 
during the preparation of this paper, and particularly to Prof. F. G. Young for his criticism of the 
original manuscript and for numerous suggestions which have been incorporated into the present 
text. 
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MEASUREMENT OF CURRENT-VOLTAGE RELATIONS IN 


THE MEMBRANE OF THE GIANT AXON OF LOLIGO 


By A. L, HODGKIN, A. F. HUXLEY B. KATZ 
From the Laboratory of the Marine Biological Association, Plymouth, 
and the Physiological Laboratory, University of Cambridge 


(Received 24 October 1951) 


The importance of ionic movements in excitable tissues has been emphasized 
by a number of recent experiments. On the one hand, there is the finding that 
the nervous impulse is associated with an inflow of sodium and an outflow of 
potassium (e.g. Rothenberg, 1950; Keynes & Lewis, 1951). On the other, 
there are experiments which show that the rate of rise and amplitude of the 
action potential are determined by the concentration of sodium in the external 
medium (e.g. Hodgkin & Katz, 19494; Huxley & Staémpfli, 1951). Both groups 
of experiments are consistent with the theory that nervous conduction depends 
on a specific increase in permeability which allows sodium ions to move from 
the more concentrated solution: outside a nerve fibre to the more dilute 
solution inside it. This movement of charge makes the inside of the fibre 
positive and provides a satisfactory explanation for the rising phase of the 
spike. Repolarization during the falling phase probably depends on an outflow 
_ of potassium ions and may be accelerated by a process which increases the 
potassium permeability after the action potential has reached its crest 
— Huxley & Katz, 1949). 


Outline of experiments 

The general aim of this series of papers is to determine the laws which govern 
movements of ions during electrical activity. The experimental method was 
based on that of Cole (1949) and Marmont (1949), and consisted in measuring 
the flow of current through a definite area of the membrane of a giant axon 
from Loligo, when the membrane potential was kept uniform over this area 
and was changed in a stepwise manner by a feed-back amplifier. Two internal 
electrodes consisting of fine silver wires were thrust down the axis of the fibre 
for a distance of about 30 mm. One of these electrodes recorded the membrane 
potential, and the feed-back amplifier regulated the current entering the other 
electrode i in such a way as to change the membrane potential suddenly and 
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hold it at the new level. Under these conditions it was found that the membrane 
current consisted of a nearly instantaneous surge of capacity current, 
associated with the sudden change of potential, and an ionic current during 
the period of maintained potential. The ionic current could be resolved into 
| transient Gomponent associated with movement of sodium ions, and 
a prolonged phase of ‘potassium current’. Both currents varied with the 
permeability of the membrane to sodium or potassium and with the electrical 
and osmotic driving force. They could be distinguished by studying the effect 
i . of changing the concentration of sodium in the external medium. 

The first paper of this series deals with the experimental method and with 
the behaviour of the membrane in a normal ionic environment. The second 
(Hodgkin & Huxley, 1952a) is concerned with the effect of changes in sodium 
concentration and with a resolution of the ionic current into sodium and 
{ potassium currents. Permeability to these ions may conveniently be expressed 
‘© in units of ionic conductance. The third paper (Hodgkin & Huxley, 19525) 
{ describes the effect of sudden changes in potential on the time course of the 
ionic conductances, while the fourth (Hodgkin & Huxley, 1952c) deals with 
the inactivation process which reduces sodium permeability during the falling 
phase of the spike. The fifth paper (Hodgkin & Huxley, 1952d) concludes the 
, series and shows that the form and velocity of the action potential may be 
calculated from the results described previously. 

_ Areport of preliminary experiments of the type described here was given at 
the symposium on in Paris é al. 


| quantity and the action potential as a negative variation. V is used.to denote 


V=E-E,, 


where £ is the absolute value of the membrane potential and Z, is the absolute 
_ value of the resting potential, with signs taken in the sense ontuide potential 
4 _ linus inside potential. With this choice of signs it is logical to take +J for 
inward current density through the membrane. These definitions make 
membrane current positive under an external anode and agree with the accepted 
use of the terms negative and positive after-potential. They conflict with the 
- common practice of showing action potentials as an upward deflexion and are 
_ inconvenient in experiments in which an internal electrode measures potentials 
d | with respect to an external earth. Lower-case symbols (v,) are employed when 
| itis necessary to give potentials with respect to earth, but no confusion should 
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Theory 
Although the results described in this paper do not depend on any particular 
assumption about the electrical properties of the surface membrane, it may be 
helpful to begin by stating the theoretical assumption which determined the 
design and analysis of the experiments. This is that the membrane current 
may be divided into a capacity current which involves a change in ion density 


at the outer and inner surfaces of the membrane, and an ionic current which 


depends on the movement of charged particles through the membrane. 
Equation 1 applies to such a system, provided that the behaviour of the 
membrane capacity is reasonably close to that of a perfect condenser: 


(1) 


where J is the total current density through the membrane, J, is the ionic — 


current. density, Cy, is the membrane capacity per unit area, and ¢ is time. In 
most of our experiments 0V/0t=0, so that the ionic current can be obtained 
directly from the experimental records. This 8 the most obvious reason for 
using electronic feed-back to keep the membrane potential constant. Other 
advantages will appear as the experimental results are described. : 


EXPERIMENTAL METHOD 

The essential features of the electrode system are illustrated by Fig. 1. Two long silver wires, each 
20. in diameter, were thrust down the axis of a giant axon for a distance of 20-30 mm. The 
greater part of these wires was insulated but the terminal portions were exposed in the manner 
shown in Fig. 1. The axon was surrounded by a ‘guard ring’ system which contained the external 
electrodes. Current was applied between the current wire (a) and an earth (e), while the potential 
difference across the membrane could be recorded from the voltage wire (b) and an external 
electrode (c). The advantage of using two wires inside the nerve is that polarization of the current 
wire does not affect the potential recorded by the voltage wire. The current wire was exposed for 
a length which corresponded to the total height of the guard-system, while the voltage wire was 
exposed only for the height of the central channel. The guard system ensured that the current 
crossing the membrane between the partitions A, and A, flowed down the channel C. This com- 
ponent of the current was determined by recording the potential difference between the external 
electrodes ¢ and d. 

In practice it would be difficult to introduce two silver wires into an axon without using some 
form of support. Another requirement is that the electrode must be compact, since previous 
experience showed that axons do not survive well unless the width of an internal electrode is less 
than 150. (Hodgkin & Huxley, 1945). After numerous trials the design shown in Fig. 4 was 
adopted. The first operation in making such an electrode was to push a length of the voltage wire 
through a 704. glass capillary and twist it round the capillary in a spiral which started at the tip 
and proceeded toward the shank of the capillary. The spiral was wound by rotating the shank of 
the capillary in a small chuck attached to a long screw. During this process the free end of the 
wire was pulled taut by a weight while the capillary was supported, against the pull of the wire, 
by a fine glass hook. A second hook controlled the angle at which the wire left the capillary. When 
sufficient wire had been woufid it was attached to the capillary by application of shellac solution, 
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cut close to the capillary and insulated with shellac in the appropriate regions (Fig. 4). The next 
operation was to wind on the current wire, starting from the shank and proceeding to the tip. 
Correct spacing of current and voltage wires was maintained by making small adjustments in the 
position of the second glass hook. When the current wire had been wound to the tip it was attached 
to the capillary, cut short and insulated as before. The whole operation was carried out under a 
binocular microscope. Shellac was applied as an alcoholic solution and was dried and hardened 


Voltage wire(b)q Current wire (2) 


14 
lAxon 
| 
: <A, 
- i 
4 
i 
mm. 
“Vaseline seal 


Fig. 1. arrenquenent of and external electrodes. A,, Ay, A, and 
are Perspex partitions. a, b, c, d and ¢ are electrodes. Insulated wires are shown by dotted 
lines, For sections through A and C, see Figs. 2 and 3. 


2 ce ra ed 


Fig. 2. Fig. 3. 
Fig. 2. Central channel of guard system. Section through C, Fig. 1. ¢ and d are silver wires, ¢ is 
a silver sheet. All dimensions are in mm. 7 


Fig. 3. Partition of guard system. Section through A,, A, A, or A,, Fig. 1. 


by baking for several hours under a lamp. Insulation between wires and across the shellac was 
tested so as to ensure that the film of shellac was complete and that the wires did not touch at any 
point. The exposed portion of the wires was then coated electrolytically with chloride. The 
electrode was first made an anode in order to deposit chloride and was then made a cathode in 
order to reduce some of the chloride and obtain a large surface of silver. This process was repeated 
® number of times ending with an application of current in the direction to deposit chloride. In 
| this way an electrode of low polarization resistance was obtained. 


fe 
| 
| ¥ 
. 
‘ 
og 
4 
28 4 
mm. 
> 
40 mm. 
wag 


498 A. L. HODGKIN, A. F. HUXLEY AND B. KATZ 


In order to test the performance of the electrode it was immersed in salt solution and the — 


curren polarized pplication of an electric current. In theory this should have caused no 
potential difference between the voltage wire and the solution in which it, was 
immersed. In practice we observed a very small change in potential which will be called “mutual 
polarization’. Leakage between wires was a possible cause of this effect, but other explanations 
cannot be excluded. | 

Voltage wire (b) 9 9 Current wire (a) 


Shank of .... 
capillary 
Glass capillary 
in diameter Current wire insulated 
"with shellac 

: | -- End of voltage wire 
| 

Exposed 
| 

portion | Exposed 

of current | |portion 

wire (15 mm.) jof 
| (7 mm.) 
| 
Voltage wire | 
.. insulated with 
shellac 


Fig. 4. Diagram of internal electrode (not to scale). The pitch of each spiral was 0-5 mm. 
? The exposed portions of the wires are shown by heavy lines. 


The general appearance of the electrode inside a giant axon is illustrated by Fig. 5. These 
photographs were obtained at an early stage of the investigation, and the axon was cleaned less 
carefully than in later experiments. The internal electrode differed from those finally employed in 
that both wires were wound from the shank of the electrode and that the pitch was somewhat 
greater. 

Guard system 

The general form of the guard system is shown in Figs. 1-3. It consisted of a flat box made out 
of Perspex which was divided into three compartments by two partitions A, and A, and closed 
with walls A, and A,. The front of the box was removable and was made from a thin sheet of 
Perspex which could be sealed into position with vaseline. V-shaped notches were made in the two 
end walls and in the partitions, The partitions were greased and the notches filled with an oil- 
vaseline mixture in order to prevent leakage between compartments (Figs. 1 and 3). The guard 
ring assembly was mounted on a micromanipulator so that it could be manoeuvred into position 
after the electrode had been inserted, The outer electrode (e) was made from silver sheet while the 
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inner electrodes (c) and (d) were made from 0-5 mm. silver wire. Exposed portions of the electrodes 
were coated electrolytically with chloride and the wires connecting the clectrodes with external 
terminals were insulated with shellac. 


Fig. 5. Photomicrographs of giant axon and internal electrode. A, transmitted light; B, dark 
ground. The axon diameter was about 600 1. The glass rod supporting the wires is not clearly 
seen. 

Feed-back amplifier 

d.c. amplifier with cathode follower input and output. The output of the amplifier was coupled to 

the input in such a way that negative feed-back was employed. This meant that any spontaneous 

change in membrane potential caused an output current to flow in a direction which restored the 
membrane potential to its original value. The level at which the potential was held constant was 


_ determined by the bias voltage v, and the control voltage v,. v, was set so that no current passed 


through the nerve in the resting condition. This preliminary operation was carried out with the 
protective resistance R, at its maximum value. This was important since an incorrect setting would 
otherwise have caused a large current to flow through the membrane. R, was gradually reduced to 


- zero; at the same time v, was adjusted to keep the membrane current zero. In order to change the 


membrane potential a rectangular pulse +v, was fed into the second stage of the amplifier. 
A large current then flowed irito the membrane and changed its potential abruptly to a new level 
determined by 
where v, and v, are the two input voltages and », is the control voltage; f is a constant determined 
by resistance values and valve characteristics. Its value was of the order of 0-001. Any tendency 
to depart from Equation 2 was neutralized by a large output current which promptly restored the 
In ‘the majority of the experiments the slider of the potentiometer P was set to zero. Under 
these conditions the potential difference between the internal and external recording electrodes 
(v% —,) was directly proportional to (v, — ,). If « is the voltage gain of the cathode followers 
(about 0-9), then 2 


(3) 


time course of the potential difference between the internal and external electrodes. This showed 
that the recorded potential followed the control voltage with a time lag of about 1 psec. and an 
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acouracy of 1-2% It is therefore unnecessary to discuss the numerous approximations which 
have to be made in order to derive Equation 2. 

The voltage gain of the feed-back amplifier and cathode followers was about 400 in the steady 
state. At high frequencies the gain was about 1200, since the condenser (, increased the gain 


under transient conditions. The mutual conductance of the feed-back system [seal 


about 1 mho in the steady state and 3 mhos at high frequencies. The maximum current that the 


amplifier could deliver was about 5 mA. 
The method described would be entirely satisfactory if there were no resistance, apart from that 
of the membrane, between internal and external electrodes. In practice there was a small series 


Fig. 6. Schematic diagram of feed-back amplifier. Screen resistances, grid stoppers and other 
minor circuit elements have been omitted. 7',, 7',, T', and 7’, are cathode followers; 7',, 7',, 


T,, and T, are d.c. amplifiers. All valves were 6AK5 except 7, and 7’, which were 1223. 


G is a microammeter used in setting-up. S is a switch for short-circuiting G. M, is the 
membrane in the central section of the guard system. M,, membrane in guard channels. 
M,, membrane outside guard system. ¢,, 4, and 4, are currents through these elements. 
.4, fluid-resistance used to measure current (74. at 20°C.). r,, resistance in series with 
membrane (about 521. at 20° C.). z,,, impedance of large earthed electrode and sea water 
between d and e. Potentials are given with respect to earth. 


resistance, represented by r, in Fig. 6 and discussed further on p. 444. This meant that the true 
membrane potential was in error by the quantity r,4,. Thus 

where v, —v, is the potential difference between the inner and outer surfaces of the membrane, r, 
is the resistance in series with the membrane and é, is the current flowing through the central 
area of membrane. 


In principle the error introduced by r, can be abolished by setting the potentiometer P to an 
appropriate value. All three cathode followers (7',, 7',, 7’,) had the same gain so that v, and v, 
were determined by the following equations: 

0, +4), (5) 
(v,—v,)], (6) 
0, $a [v, (v, (7) 
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and 1 and v, is the potential of electrode d. 
From Ohm’s law | 
(8) 
where f,, is the resistance of the central channel between electrodes c and d. 
From Equations 4, 7 and 8 


0, = [0, +4, (7, - (9) 


= 20%, (10) 


The ratio r,/r,, was found to be about 0-7 and subsequent trials showed that a setting of p=0-6 
could be used with safety. This procedure, which will be called compensated feed-back, was used 
successfully in seven of the later experiments. It had to be employed with considerable caution 
since a system of this type is liable to oscillate. Another difficulty is that if p is inadvertently 
made greater than r,/r_4 the overall feed-back becomes positive and there is a strong probability 
will be by the very oursente which the amplifier ts capable of 


producing. 
Ausiliary equipment 

amplifier and cathode-ray oscillograph for recording membrane current and potential. (2) A 
voltage calibrator, with a built-in standard cell, giving +110 mV. in steps of 1 mV. (3) A time 
calibrator consisting either of an electrically maintained 1 kcyc./sec. tuning fork, or 9 ¢ keye,/eve. 
fork with circuits to give pulses at 4, 2, 1 or 0-5 keyc./sec. (4) Two unite for prod 
pulses: These pulses were of variable amplitude (0-100 V.) and the cirouits were arranged in such 


Fig. 7. Diagram of arrangement for recording response of membrane to short shock. 
a way that the outputs of each generator were symmetrical with respect to earth. A single pulse 
generator was used in the early experiments, and its output was applied to the feed-back amplifier 
in the manner shown in Fig. 6. When required, the output of a second pulse generator was applied 


in parallel through a second pair of resistances. (5) An electrically operated refrigerator unit for 


cooling the preparation. All these items were of conventional design and need no detailed de- 


In the early stages of the work it was important to prove that the membrane was capable of 
giving an action potential of normal size. For this purpose we disconnected the feed-back 
amplifier and employed the arrangement shown in Fig. 7. A rectangular voltage step v, was 
applied to one internal electrode through a 700upF. condenser. The total area of membrane 
exposed to current flow from the electrode was about 0-3 om.* (1-5 om. x x 0-06 om.). It therefore 
had @ capacity of about 0-3 uF. When v, was suddenly changed by 10 V. the membrane potential 
was displaced by about 23 mV. (10 V. x 700/300,000). With this arrangement the membrane 
current consisted of very brief currents at the beginning and end of the voltage step. The size of 
the current could be varied by altering the size of the step, while the membrane current in the 
central channel of the guard-system could be measured by recording the potential difference 
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between electrodes c and d. The potential difference between the voltage wire (b) and the external 
electrode (c) was equal to the sum of the membrane potential and the potential difference across 
the ohmic resistance in series with the membrane. The second component was eliminated by the 


bridge circuit illustrated in Fig. 7. 
Experimental 


procedure 

Loligo forbesi and freed from all adherent tissue. Careful cleaning was important since the guard 
system did not operate satisfactorily if the axon was left with small nerve fibres attached to it. 
A further advantage in using cleaned axons was that the time required for equilibration in a test 
solution was greatly reduced by removing adherent tissue. 

The axon was cannulated and mounted in the same type of cell as that described by Hodgkin & 
Huxley (1945) and Hodgkin & Katz (1949). A conventional type of internal electrode, consisting 
of a long glass capillary, was thrust down the axon for a distance of 25-30 mm. This was then 
removed and the double wire electrode inserted in ite place. Action potentials and resting 
potentials were recorded from the first electrode and the axon was rejected if these were not 
reasonably uniform over a distance of 20mm. Another reason for starting with a conventional 
type of electrode was that the double wire electrode, in spite of the rigidity of ite glass support, 
could not be inserted without buckling unless the axon had first been drilled with the glass 


capillary. 

When the wire electrode was in position the guard system was brought into place by means of 
a micromanipulator. This operation was observed through a binocular microscope and care was 
taken to ensure that the central channel coincided exactly with the exposed portion of the 
internal voltage wire. The front of the guard-ring box was gently pressed into position and finally 
sealed by firm pressure with a pair of forceps. Before applying the front, spots of a vaseline-oil 

were placed in such a position that they completed the seal round the axon when the 
front was pressed home (Figs. 1 and 3). » 

After the axon was sealed into position cold sea water (3—11° C.) was run into the cell and this 
temperature was maintained by means of a cooling coil which dipped into the cell. Air was 
bubbled through the cell in order to stir the contents and obtain a uniform temperature. 

Before proceeding to study the behaviour of the axon under conditions of constant voltage its 
response to a short shock was observed. The experiment was discontinued if the action potential 
recorded in this way was less than about 85 mV. If the axon passed this test it was connected to 
the feed-back amplifier in the manner described previously. 

Solutions were changed by running all the fluid from the cell and removing it from the guard- 
ring assembly with the aid of a curved capillary attached to a suction pump. A new solution was 
then run into the cell and was drawn into the guard rings by applying suction at appropriate 

Calibration 

analysed by projecting them on to a calibration grid. The readings obtained in this way were 
converted into current by dividing the potential difference between the two external electrodes 
cand d by the resistance between these electrodes (r,,). This resistance was determined by blocking 
up the outer compartments of the guard-ring assembly and filling the central channel with sea 
water or with one of the standard test fluids. A silver wire was coated with silver chloride and 
inserted into the position normally occupied by the axon (Fig. 1). A known current was applied 
between the central wire and the outer electrode (e). The resistance between the two external 
electrodes c and d could then be obtained by measuring the change in potential difference resulting 
from a given application of current. It was found that the resistance between these electrodes was 
74Q. when the central chamber was filled with sea water at 20° C. This value was close to that 
calculated from the dimensions of the system. . 

Membrane currents were converted to current densities by dividing them by the area of mem- 
brane exposed to current flow in the central compartment. The area was calculated from the 
measured axon diameter and the distance between the partitions A, and A, (Fig. 1).° 
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| RESULTS 
Before investigating the effect of a constant voltage it was important to 
establish that the membranes studied were capable of giving normal action 


potentials. This was done by applying a brief shock to one internal electrode 


and recording changes in membrane potential with the other. Details of the 
method are given on p. 431; typical results are shown in Fig. 8 (23° C.) and 
Fig. 9 (6° C.). 


1 msec. 3 


, Fig. 8. Time course of membrane potential following a short shock at 23° C. Depolarizations 


shown upwards. Axon 18. The numbers attached to the curves give the strength of shock in 
mycoulomb/cm.*. Shock strengths for unlabelled curves are 29, 23, 19-2, 17-3, 16-7, 15-3, 9-6. 


The shock used to displace the membrane potential was calibrated by 
recording the membrane current in the central channel (Fig. 7). This test 


__ showed that the current pulse consisted of a brief surge which was 95% 


complete in about 8 usec. and reached a peak amplitude of about 50 mA./cm.* 
at the highest strengths. The total quantity of current passing through the 
central channel was evaluated by integrating the current record and was used 
to define the strength of the shock. The numbers attached to the records in 
Figs. 8 and 9 give the charge applied per unit area in mpcoulomb/cm.*. It 
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will be seen that the initial displacement of membrane potential was propor- 
tional to the charge applied and that it corresponded to a membrane capacity 
on about 0-9uF./cm.*. Values obtained by this method are given in Table 1. 

- Although the initial charging process was linear, the subsequent behaviour 
of the membrane potential varied with the strength of shock in a characteristic 


120 mV. 


11:8 to 


1 keye./sec. 

Fig. 9. Time course of membrane potential following a short shock at 6°C. Depolarization 
shown upwards. Axon 17. The numbers attached to the curves give the strength of shock in 
seen; its value was about 200 mV. 


manner. All the anodal records had the same general shape, but depolariza- 
tions of more than a few millivolts gave non-linear responses. If the depolariza- 
tion was more than 15 mV. (Fig. 8) or 12 mV. (Fig. 9) the response became 
regenerative and produced an action potential of about 100 mV. If it was less 
than 12 or 15 mV. it was followed by a subthreshold response similar to that 
seen in most excitable tissues. If the potential was displaced to the threshold 
level it might remain in a state of unstable equilibrium for considerable periods 
of time. This is illustrated by Fig. 9 which shows the effect of a small variation 
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calibration for axon 13. The values for C y are means obtained from a wide range of shock strengths. 
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Records such as those in Fig. 9 may be used to estimate the relation between 
membrane potential and ionic current. The total membrane current density 
ie is negligible at times greater than 200 sec. after application of the short 


1, Membrane capacities 


Membrane 
Tempe Change in 
potential 


Axon Diameter R, 
no (mV.) "Anodic Cathodic (Q.com.*) (a) 
A. Voltage clamp 
+36 -36 0-76 0-83 
13 520 9 +56 — 56 0-83 oo 82 72 077 
+98 - 98 0-83 0-96 
14 430 9 +36 — 34 0-81 083° 68 61 0-65 
17 588 7 +31 —32 0-72 0°76 83 64 0-65 
18 605 21 +30 -31 0-92 0-91 55 41 0-657 
19 515 8 +43 45 0-93 0-90 78 8669 O78 
20 545 6 + 42-43 0-88 0-86 91 76 £077 
21 533 9 +42 -44 0-98 1-01 91 78 0-84 
22 542 23 +40-41 1-01 1-03 40 34 0-50 
25 603 ae +39 -41 0-88 0-86 70 8&3 0-57 
25* 603 7 +39 -41 0-84* 0-82*  88*  0-55* 
26 675 20 +40 -42 0-97 0-93 
Average — 0-88 0-90 73 (0-68 
0-89 
B. Short shock 
13 520 9 +58 - 50 1-07 1-11 — 
6 0 0-74 — 
1 605 23 0-85 0- 
| 0-91 
C. Constant current 
29 540 21 1-49 42 0-57 
585 + 0-78 119 #92 0-88 
Average — 92 67 073 
| | | 
A 0-91 76 661 80-68 
by all 


* In this experiment choline was substituted for sodium in the external solution. The values 
obtained are excluded from the averages. 
t In these experiments the shock strength was not measured directly but was obtained from the 


shock. This means that the ionic current density (Z,) must be equal to the 
product of the membrane capacity per unit area (C,,) and the rate of — 
tion. Thus if J=0, Equation 1 becomes 


Fig. 10 illustrates the relation between membrane potential and ionic current 
at a fixed time (290jsec.) after application of the stimulus. It shows that 
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ionic current and membrane potential are related by a continuous curve which — 


crosses the zero current axis at V=0, V=—12 mV. and V=—110 mV. Ionic 
current is inward over the regions —110 mV. < V< —12 mV. and V>0, and 
is outward for V< —110 mV. and —12mV.<V <0. 01,/0V is negative for 
—76 mV. < V < —6 mV. and is positive elsewhere. 

A curve of this type can be used to describe most of the initial effects seen 
in Figs. 8 and 9. When the membrane potential is increased by anodal shocks 
the ionic current associated with the change in potential is in the inward 
direction. This means that the original membrane potential must be restored 
by an inward transfer of positive charge through the membrane. If the 
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Fig. 10. Relation between ionic current density (I,) and displacement of membrane potential 
(V). Abscissa: displacement of membrane potential from its resting value (anodal displace- 
ment shown positive). Ordinate: ionic current density obtained from ~On a (inward 
current shown positive). Inset: curve in region of origin drawn with tenfold increase in 
vertical scale. Axon 17; Cy;=0-74pF./cm.*; temperature 6-3°C. Measurements made 
0-29 msec. after application of shock. 

membrane potential is depolarized by less than 12 mV., ionic current is out- 

ward and again restores the resting condition by repolarizing the membrane 

capacity. At V=—12mV., J, is zero so that the membrane potential can 
remain in a state of unstable equilibrium. Between V=—110mV. and 

V=—12mV., I; is inward so that the membrane continues to depolarize 

until it reaches V=—110 mV. If the initial depolarization is greater than 

110 mV. J; is outward which means that it will repolarize the membrane 

towards V = —110 mV. These effects are clearly seen in Figs. 8 and 9. 


Membrane current under conditions of controlled potential 
General description 
The behaviour of the membrane under a ‘voltage clamp’ is illustrated by 
the pair of records in Fig. 11. These show the membrane current which flowed 
as a result of a sudden displacement of the potential from its resting value to 
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a new level at which it was held constant by electronic feed-back. In the upper 
record the membrane potential was increased by 65 mV.; in the lower record 
it was decreased by the same amount. The amplification was the same in both 
cases. | 

The first event in both records is a slight gap, caused by the surge of 
‘capacity current’ which flowed when the membrane potential was altered 


‘suddenly. The surge was too rapid to be visible on these records, but was 


examined in other experiments in which low gain and high time base speed 
were employed (see p. 442). The ionic current during the period of constant 
potential was small when the membrane potential was displaced in the anodal 
direction, and is barely visible with the amplification used in Fig. 11. The top 
record in Fig. 12 gives the same current at higher amplification and shows 


0123 4 5 6 7 8 9Y 10 11 12 msec. 


Fig. 11. Records of membrane current under a voltage clamp. At zero time the membrane 
potential was increased by 65 mV. (record A) or decreased by 65 mV. (record B); this level 
was then maintained constant throughout the record. Inward current is shown as an 
upward deflexion. Axon 41; diameter 585». Temperature 3-8° C. Compensated feed-back. 


that an increase of 65 mV. in the membrane potential was associated with an 
inward ionic current of about 30 »A./cm.? which did not vary markedly with 
time. The sequence of events was entirely different when the membrane 
potential was reduced by 65 mV. (Fig. 11B). In this case the current changed 
sign during the course of the record and reached maximum amplitudes of 
+600 and —1300,A./cm.*. The initial phase of ionic current was inward and 
was therefore in the opposite direction to that expected in a stable system. 
If it had not been drawn off by the feed-back amplifier it would have continued 
to depolarize the membrane at a rate given by Equation 11. In this experi- 
ment Cy, was 0-8F./cm.? and J; had a maximum value of 600A./cm.?. The 
rate of depolarization in the absence of feed-back would therefore have been 
750 V./sec., which is of the same general order as the maximum rate of rise of _ 
the spike (Hodgkin & Katz, 1949a, 6). The phase of inward current was not 
maintained but changed fairly rapidly into a prolonged period of outward 
PH. OXVI. 28 
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membrane at a rate substantially greater than that observed during the falling 
phase of the spike. The outward current appeared to be maintained for an 
indefinite period if the membrane was not depolarized by more than 30 mV. 
With greater depolarization it declined slowly as a result of a polarization 
effect discussed on p. 445. : | 


+65 

+20 
+ 

— +5 

—5 
—10 0-1mA./em.? 

—20 


— 5? mA fem2] 0 10 20 30 40 50 msec. 


~-02 4 6 8 10 12 


Fig. 12. Records of membrane current under a voltage clamp. The displacement 

of membrane 
potential (V) is given in millivolts by the number attached to each record. Inward current is 
shown as an upward deflexion. Six records at a lower time base speed are given in the right- 
hand column. Experimental details as in Fig. 11. a 


The features illustrated in Fig. 11B were found over a wide range of voltages 
as may be seen from the complete family of curves in Fig. 12. An initial phase 
of inward current was conspicuous with depolarizations of 20-100 mV., while 
the delayed rise in outward current was present in all cathodal records. 
A convenient way of examining these curves is to plot ionic current density 
against membrane potential. This has been done in Fig. 13, in which the 
abscissa gives the displacement of membrane potential and the ordinate gives 


current. In the absence of feed-back this current would have repolarized the | 
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the ionic current density at a short time (curve A) and in the ‘steady state’ 
(curve B). It will be seen that there is a continuous relation over the whole 
range, but that small changes in membrane potential are associated with large 
changes in current. At short times the relation between ionic current density 


Fig. 18. Relation between membrane current density and membrane potential. Abscissa: dis- 
placement of membrane potential from its resting value in mV. Ordinate: membrane current 
density at 0-63 msec. after beginning of voltage step (curve A) and in ‘steady state’ (curve B). 
The numbers attached to curve B indicate the times in msec. at which the measurements 
were made, Inset: curves in region of origin drawn with a tenfold increase in the vertical 
scale. Inward current density is taken as positive and the membrane potential is given in the 
sense external potential minus the internal potential. Measurements were made from the 
records reproduced in Fig. 12 (3-8° C.). 


and membrane potential is qualitatively similar to that obtained indirectly in 
Fig. 10. Ionic current is inward over the region — 106 mV. < V < —12 mV. and 
for V>0; it is outward for V < —106 mV. and for —12 mV.<V <0. 01,/0V 
is negative for —70mV. <V<—7 mV. and is positive elsewhere. - More 
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quantitative comparisons are invalidated by the fact that the ionic current is 
a function of time as well as of membrane potential. At long times depolariza- 
tion is invariably associated with an outward current and 1,/aV is always 
ve, 

the electrical resistance of the membrane varied markedly with membrane 
potential. In Fig. 13, @V/0I, is about 2500 Q.cm.* for V>30mV. For 
V=—110 mV. it is 356 Q.cm.? (curve A) or 30Q.cm.* (curve B). At V=0, 
2V/Al, is 2300 Q.cm.* at short times and 650 Q.cm.* in the steady state. These 
results are comparable with those obtained by other methods (Cole & Curtis, 
1939; Cole & Hodgkin, 1939). : 


I ma em? 


\ 
= -91 mV. 


— 104 mV. 
—117 mV. 
—130 mV. 
143 mV. 


| 4 keyc./sec. 
Fig. 14. Time course of membrane current during large depolarizations. Abscissa: time. 
Ordinate: inward current density. The numbers attached to the records give the displacement 
of membrane potential from its resting value. Axon 41; temperature 3:5° C. Compensated 


Fig. 14 illustrates the initial phase of ionic current at large depolarizations in 
greater detail. These records were obtained from the same axon as Fig. 12 but 
at an earlier stage of thé experiment. They show that the initial ‘hump’ of 
ionic current changed sign at a potential of —117mV. At —130 mV. the 
initial hump consists of outward current while it is plainly inward at — 104 mV. 
The curve at —117 mV. satisfies the condition that 07,/0t =0 at short times and 
has no sign of the initial hump seen in the other records. It will be shown later 
that this potential probably corresponds to the equilibrium potential for 
sodium and that it varies with the concentration of sodium in the external 
medium (Hodgkin & Huxley, 19522). 


The effect of temperature — : | 

The influence of temperature on the ionic currents under a voltage clamp is 
illustrated by the records in Fig. 15. These were obtained from a pair of axons 
from the same squid. The first axon isolated was examined at 6° C. and gave 
the series of records shown in the left-hand column. About 5 hr. later the 
second axon, which had been kept at 5° C. in order to retard deterioration, was 
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examined in a similar manner at 22° C. Its physiological condition is likely to 
have been less normal than that of the first but the difference is not thought 
to be large since the two axons gave propagated action potentials of amplitude 
107 and 103 mV. respectively, both measured at 22° C. The resting potentials 
were 55 mV. in both cases. The results obtained with the second axon are given 
in the right-hand column of Fig. 15. It will be seen that the general form and 


6°C, 2°C. 


| mA./cm.2 I mA./em.2 


—50 mV. 


—50 mV. 


—88 mV. 


—100 mV. 


mV. 


[\ 


kcyc./sec. keyc./sec. 


| Fig. 15. Membrane currents at different temperatures. Axons 17 (6° C.) and 18 (22° C.), from the 


same squid. Inward current is shown as an upward deflexion. The numbers attached to each 
curve give the displacement of membrane potential. Uncompensated feed-back was em- 
ployed. 


amplitude of the two sets of records are similar but that the rate at which the 
ionic current changes with time was increased about sixfold by the rise in 
temperature of 16°C. It was found that the two families could be roughly 
superposed by assuming a Q,, of 3 for the rate at which ionic current changes 
with time. Values between 2-7 and 3-5 were found by analysing a number of 
experimental records obtained under similar conditions, but with different 
axons at different temperatures. In the absence of more precise information 
we shall use a temperature coefficient of 3 when it is necessary to compare 
rates measured at different temperatures. 
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The absolute magnitude of the current attained at any voltage probably 
varies with temperature, but much less than the time scale. In the experiment 
of Fig. 15 a rise of 16° C. increased the outward current about 1-5-fold, while 
the inward current at — 50 mV. was approximately the same in the two records. 
Since the initial phase of inward current declined relatively rapidly as the axon 
deteriorated it is possible that a temperature coefficient of about 1-3 per 10° C. 
applies to both components of the current. Temperature coefficients of the 
order of 1-0-1-5 were also obtained by examining a number of results obtained 

with other axons. 


The capacity current 

The surge of current associated with the sudden change in membrane 
potential was examined by taking records at high time-base speed and low 
amplification. Tracings of a typical result are shown in Fig. 16. It will be seen 


mA./em.? 0 10 20 30 50 60 70 80 psec. 

A 

2+ 

1b. 
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0 
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mA./cm.? 0 10 20 30 40 60 70 80 psec 


Vig. 16. Current through capacitative element of membrane during a voltage clamp. Abscissa: 


time in psec, Ordinate: membrane current density (mA./om.*) with inward current taken as 
positive, At ¢=0 the potential difference between external and internal electrodes was dis- 
placed +40 mV. in curve A or - 40 mV. in curve B. The continuous curves were traced from 
experimental records. The dotted curves were calculated according to the equation 

I* [exp ( -0-159#) exp ( -4)], 
where J* is the current in mA./cm.®* and ¢ is time in psec. This follows from the assumptions 
given in the text. Axon 25; temperature 8° C, 


that the current records for anodal and cathodal changes are almost symmetrical 
and that the charging process is virtually complete in 50sec. In the anodal 
record the observed current declined from a peak of 4-5 mA./cm.? to a steady 
level of about 0-04 mA./cm.?. The steady current is barely visible in the tracing 
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but could be seen more clearly at higher amplification and lower time-base 
speed; records taken under these conditions were similar to those in 
Fig. 12. 

The membrane capacity was obtained from the change in potential and the 
area under the curves. A small correction was made for ionic current but the 
resting membrane conductance was sufficiently low for uncertainties here to be 
unimportant. In the experiment illustrated by Fig. 16.4 the charge entering 
the membrane capacity in 60sec. was 35 mycoulomb/cm.®, while the change 
in potential was 40 mV. Hence the membrane capacity per unit area was about 
0-9yF./cm.*, Table 1 (p. 435) gives the results of other experiments of this 
kind. It also shows that replacement of all the sodium in sea water by choline 
had little effect on the membrane capacity and that there was no large change of 
capacity with temperature. 

If a perfect condenser is short-circuited through zero resistance it loses its 
charge instantaneously. Fig. 16 suggests that the nerve capacity charged or 
discharged with a time constant of about 6sec. under a ‘voltage clamp’. 
This raises the question whether the finite time of discharge was due to an 
imperfection in the membrane capacity or whether it arose from an imperfec- 
tion in the method of holding the membrane potential constant. The records 
in Fig. 16 were obtained with uncompensated feed-back, which means that 
there was a small resistance in series with the capacitative element of the 
membrane. This clearly reduces the rate at which the membrane capacity can 
be discharged, and must be allowed for. It is also necessary to take account 
of the finite time constant of the recording amplifier (about 1 usec. at this 
gain). Both effects have been considered in calculating the dotted lines in 
Fig. 16. These were drawn on the assumption that a 0-9yF. condenser was 
charged to +40 mV. through a resistance of 7 Q. and that the resulting pulses 
of current were recorded by an amplifier with an exponential time lag of 1 sec. 
It will be seen that there is good agreement between the amplitude and general 
form of the two pairs of curves. Deviations at short times are not considered 
important since there was some uncertainty in the correction for amplifier 
delay, 

At relatively long times (> 25sec.) the current record shows a ‘tail’ which 
is not explained by the presence of a series resistance. This effect was present 
in all records and was larger at higher temperatures. It can be explained by 
supposing that the membrane capacity was not perfect but behaved in the 
manner described by Curtis & Cole (1938). The records in Fig. 16 are roughly 
consistent with a constant phase angle of 80°, while those at higher tempera- 
tures require somewhat lower values. These statements must be regarded as 
tentative since our experiments were not designed to measure the phase angle 
_and do not give good data for quantitative analysis. For the time being the 
principal point to be emphasized is that the surge associated with a sudden 


‘ 
3 
iy 
he 
A, 
te 
rh 
AG 
» 
i 
> 


444 A. L. HODGKIN, A. F. HUXLEY AND B. KATZ 
change in potential is adequately described by assuming that the membrane 


has a capacity of about 1,F./cm.? and a series resistance of about 7 {2.cm.?. — 


The surge of capacity current was larger in amplitude and occupied a shorter 


time when compensated feed-back was employed. These experiments were — 


not suitable for analysis, since the charging current was oscillatory and could 
not be adequately recorded by the camera employed. All that could be seen 
in records of ionic current is a gap, as in Fig. 14. 

Our values for the membrane capacity are in reasonable agreement with 
those obtained previously. Using transverse electrodes 5-6 mm. in length, 
Curtis & Cole (1938) obtained the following values in twenty-two experiments: 
average membrane capacity at 1 kcyc./sec., 1-1pF./cm.*, range 0-66 wF./cm.? 
to 1-60uF./cm.?; average phase angle, 76°, range 64-85°. 

The values for membrane capacity in the upper part of Table 1 were obtained 
by integrating the initial surge of current over a total time of about 50sec. If 
the phase angle is assumed to be 76° at all frequencies the average value of 
0-89 uF./cm.? obtained by this method is equivalent to one of 1-03 uF ./cm.? at 
1 keyc./sec. This is clearly in good agreement with the figures given by Curtis 
& Cole (1938), but is substantially less than the value of 1-8 »F./cm.* mentioned 
in a later paper (Cole & Curtis, 1939). However, as Cole & Curtis point out, the 
second measurement is likely to be too large since the electrode length was 
only 0-57 mm. and no allowance was made for end-effects, 


The series resistance | 

Between the internal and external electrodes there is a membrane with a resting resistance of 
about 10002. cm.*. This resistance is shunted by a condenser with a capacity of about 1 pF./cm.*. 
In series with the condenser, and presumably in series with the membrane as a whole, there is a 
small resistance which, in the experiment illustrated by Fig. 16, had an approximate value of 
7Q.cm,*, This ‘series resistance’ can be estimated without fitting the complete theoretical curve 
shown in that figure. A satisfactory approximation is to divide the time constant determining the 
decline of the capacitative curve by the measured value of the membrane capacity. This procedure 
was followed in calculating the values for the series resistance given in the upper part of Table 1. 
The symbol r, gives the actual resistance in series with the central area of membrane, while R, is 
the same quantity multiplied by the area of membrane exposed to current flow in ‘the central 
channel of the guard system. The last column gives the ratio of r, to the resistance (r,,) between 
the current measuring electrodes, c and d. This ratio is of interest since it determined the potentio- 
meter setting required to give fully compensated feed-back (pp. 430-1). 

Another method of measuring the series resistance was to apply a rectangular pulse of current 
to the nerve and to record the potential difference (v,,) between the internal electrode b and the 
external electrode c as a function of time. The current in the central channel of the guard system 
was also obtained by recording the potential difference (v,,) between the external electrodes 
¢ and d, The two records were rounded to the same extent by amplifier delay so that the series 
resistance and the membrane capacity could be determined by fitting the record obtained from 
the internal electrode by the following equation 


where ¢ is the capacity of the area of membrane exposed to current flow in the central channel. 
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This analysis was made with two axons and gave satisfactory agreement between observed and 
calculated values of v,,, with values of r,/r,4 and Cy which were similar to those obtained by the 
voltage clamp method (see Table 1). 

The observed value of the series resistance (r,=61.) cannot be explained solely by conver- 
gence of current between the electrodes used to measure membrane potential. Only about 30% 
was due to convergence of current between electrode c and the surface of the nerve, while con- 
vergence between the membrane and the internal electrode should not account for more than 
25%, unless the specific resistance of axoplasm was much greater than that found by Cole & 
Hodgkin (1939). The axons used in the present work were surrounded by a dense layer of con- 
nective tissue, 5-20. in thickness, which adheres tightly and cannot easily be removed by dis- 
section. According to Bear, Schmitt & Young (1937) the inner layer of this sheath has special 
optical properties and may be lipoid in nature. It seems reasonable to suppose that one or other 
of these external sheaths may have sufficient resistance to account for 45 % of the series resistance. 
There was, in fact, some evidence that the greater part of the series resistance was external to the 
main barrier to ionic movement. Substitution of choline sea water for normal sea water increased 
tea by 23%, but it reduced r,/r,4 by only 3-5% (Table 1, axon 25). This suggests that about 80% 
of r, varied directly with the specific resistance of the external medium. Since the composition 
of axoplasm probably does not change when choline is substituted for sodium (Keynes & Lewis, 
1951) it seems likely that most of the series resistance is located outside the main barrier to ionic 
movement. Further experiments are needed to establish this point and also to determine whether 
the resistive layer has any measurable capacity. : 


Accuracy of method 

The effect of the series resistance. The error introduced by the series resistance (r,) was discussed 
on p. 430. Its magnitude was assessed by comparing records obtained with uncompensated feed- 
back (p=0) with those obtained with compensated feed-back (p =0-6). The effect of compensation 
was most conspicuous with a depolarization of about 30 mV. Fig. 17 shows typical curves in this 
region. A, B and C were obtained with uncompensated feed-back; «, 8 and y with compensated 
feed-back. A gives the potential difference between external and internal electrodes. B is the 
potential difference between the external electrodes used to measure current and is equal to the 
product of the membrane current and the resistance r,,. The true membrane potential differs 
from A by the voltage drop across r, which is equal to (r,/r,z) B. C shows the membrane potential 
calculated on the assumption that r,/r,, had its average value of 0-68. «, 8 and y were obtained in 
exactly the same manner as A, B and C, except that the potentiometer setting (p) was increased 
from 0 to 0-6. It will be seen that this altered the form of the upper record in a manner which 
compensates for the effect of current flow. The error in C is about 20%, while y deviates by only 
about 2°5%. Hence any error present in f is likely to be increased eightfold in B. Since the two 
records are not grossly different, 8 may be taken as a reasonably faithful record of membrane 
current under a voltage clamp. 

Experiments of this type indicated that use of uncompensated feed-back introduced errors but 
that it did not alter the general form of the current record. Since the method of compensated feed- 
back was liable to damage axons it was not employed in experiments in which the preparation 
had to be kept in good condition for long periods of time. 

Polarization effects. The outward current associated with a large and prolonged reduction of 
membrane potential was not maintained, but declined slowly as a result of a ‘polarization effect’. 
The beginning of this decline can be seen in the lower records in Fig. 12. It occurred under condi- 
tions which had little physiological significance, for an axon does not normally remain with a 
membrane potential of — 100 mV. for more than 1 msec. Nor does the total current through the 
membrane approach that in Fig. 12. 

In order to explain the effect it may be supposed either: (1) that ‘mutual polarization’ of the 
electrode (p. 428) is substantially greater inside the axon than in sea water; (2) that currents may 
cause appreciable changes in ionic concentration near the membrane; (3) that some structure in 
series with the membrane may undergo a slow polarization. We were unable to distinguish 
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between these suggestions, but it was clear that the ‘polarization effect’ had little to do with 
the active changes, since it was also present in moribund exons and was little affected by 


temperature. 


msec. msec. 

Fig. 17. Comparison of results obtained with uncompensated feed-back (A, B, C) and compensated 
feed-back (a, 8, y). A, a: potential difference between external and internal electrodes 
(v,—v,). B, B: potential difference between current measuring electrodes (v,-v,). CO, y: 
membrane potential calculated as C =A -0-68B, or y=a -0-688. Records B and B may be 

converted into membrane current density by dividing by 11-:90.cm.*. Temperature 4° C. 
Axon 34, | | 


SUMMARY 
1, An experimental method for controlling membrane potential in the 
- giant axon of Loligo is described. This depended on the use of an internal 
electrode consisting of two silver wires, a guard system for measuring mem- 
brane current and a ‘feed-back’ amplifier for clamping the membrane 
potential at any desired level. 

2. Axons impaled with the double electrode gave ‘all-or-nothing’ action 
potentials of about 100 mV. when stimulated with a brief shock. The action 
potential had a well-defined threshold at a critical depolarization of about 
15 mV. Depolarizations less than 10-15 mV. gave graded responses similar to 
those seen in other excitable tissues. | 

3. The feed-back amplifier was arranged to make the membrane potential 

undergo a sudden displacement to a new level at which it was held constant for 
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10-50 msec. Under these conditions the membrane current consisted of a brief 
surge of capacity current, associated with the sudden change in potential, and 
an ionic current during the period of maintained potential. The brief surge was 
proportional to the displacement of membrane potential and corresponded to 
the charging of a membrane with an average capacity of 0-9.F./cm.*. The sign 
and time course of the ionic current varied markedly with the membrane 
potential. Anodal displacements gave small currents which were always 
inward in direction. Depolarizations of less than 15 mV. gave outward currents 
which were small initially but increased markedly with time. Depolarizations 
of 15-110 mV. gave an initial phase of inward current which changed fairly 
rapidly into a large and prolonged outward current. The phase of inward 
current disappeared at about 110 mV. and was replaced by one of outward 
current. There was a continuous relation between ionic current and membrane 
potential. At short times this relation was similar to that derived from the 
rising phase of the action potential. _ 

4, The maximum inward and outward ionic currents were little altered by 
temperature, but the rate at which the ionic current changed with time was . 
increased about threefold for a rise of 10° C. 

5. There was evidence of a small resistance in series with the capacitative 
element of the membrane. Errors introduced by this resistance were reduced 
by the use of compensated feed-back. 


We wish to thank the Rockefeller Foundation for financial aid and the Director and staff of the 
Marine Biological Association for assistance at all stages of the experimental work. 
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CURRENTS CARRIED BY SODIUM AND POTASSIUM 
IONS THROUGH THE MEMBRANE OF THE GIANT 
AXON OF LOLIGO 


By A. L. HODGKIN anp A. F. HUXLEY 
From the Laboratory of the Marine Biological Association, Plymouth, 
and the Physiological Laboratory, U miversity of Cambridge 


(Received 24 October 1951) 


In the preceding paper (Hodgkin, Huxley & Katz, 1952) we gave a general 
description of the time course of the current which flows through the mem- 
brane of the squid giant axon when the potential difference across the | 
membrane is suddenly changed from its resting value, and held at the new 
level by a feed-back circuit (‘voltage clamp’ procedure). This article is chiefly 
concerned with the identity of the ions which carry the various phases of the - 
membrane current. | 

One of the most striking features of the records of membrane current 
obtained under these conditions was that when the membrane potential was 
lowered from its resting value by an amount between about 10 and 100 mV. 
the initial current (after completion of the quick pulse through the membrane 
capacity) was in the inward direction, that is to say, the reverse of the direction 
of the current which the same voltage change would have caused to flow in an 
ohmic resistance. The inward current was of the right order of magnitude, and 
occurred over the right range of membrane potentials, to be the current 
responsible for charging the membrane capacity during the rising phase of an 
action potential. This suggested that the phase of inward current in the voltage 
clamp records might be carried by sodium ions, since there is much evidence 
(reviewed by Hodgkin, 1951) that the rising phase of the action potential is 
caused by the entry of these ions, moving under the influence of concentration 
and potential differences. To investigate this possibility, we carried out voltage 
clamp runs with the axon surrounded by solutions with reduced sodium con- 
centration. Choline was used as an inert cation since replacement of sodium 
with this ion makes the squid axon completely inexcitable, but does not 
reduce the resting potential (Hodgkin & Katz, 1949; Hodgkin, Huxley & Katz, 
1949). | 
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METHOD 
The apparatus and experimental procedure are fully described in the preceding paper (Hodgkin 
et al. 1952). ‘Uncompensated feed-back’ was employed. 

Sea water was used asa normal solution. Sodium-deficient solutions were made by mixing sea 
water in varying proportions with isotonic ‘choline sea water’ of the following composition : 
Jon ions. H,0 

Ca++ HCO; 

The mixtures are teferred to by their sodium content, expressed as a percentage of that in sea 

water (30% Na sea water, etc.), G | 

RESULTS 
Voltage clamps in sodium-free solution 

Fig. 1 shows the main differences between voltage clamp records taken with 
the axon surrounded by sea water and by a sodium-free solution. Hach 
record gives the current which crossed the membrane when it was depolarized 
by 65 mV. After the top record was made, the sea water surrounding the axon 
was replaced by choline sea water, and the middle record was taken. The fluid 
was again changed to sea water, and the bottom record taken. The amplifier 
gain was the same in all three records, but a given deflexion represents a smaller 


current in the choline solution, since the current was detected by the potential | 


drop along a channel filled with the fluid which surrounded the axon, and the 
specific resistance of the choline sea water was about 23% higher than that of 
ordinary sea water. 

The most important features shown in Fig. 1 are the following: (1) When 
the external sodium concentration was reduced to zero, the inward current 
disappeared and was replaced by an early hump in the outward current. 
(2) The late outward current was only slightly altered, the steady level being 
15-20% less in the sodium-free solution. (3) The changes were reversed when 
sea water was replaced. The currents are slightly smaller in the bottom record 
than in the top one, but the change is not attributable to an action of the 
choline since a similar drop occurred when an axon was kept in sea water for 
an equal length of time. 

A series of similar records with different strengths of depolarization is 
shown in Fig. 2.'The features described in connexion with Fig. 1 are seen at 
all strengths between —28 and —84mV. At the weakest depolarization 
(—14 mV.) the early phase of outward current in the sodium-free record is 
too small to be detected. At the highest strengths the early current is outward 
even in sea water, and is then increased in the sodium-free solution. 

These results are in qualitative agreement with the hypothesis that the 
inward current is carried by sodium ions which, as an early result of the 
decrease in membrane potential, are permitted to cross the membrane in both 
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_ of E at which the fluxes are equal, and the net sodium current is therefore 


_ the Nernst equation 
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directions under a driving force which is the resultant of the effects of the 
concentration difference and the electrical potential difference across the 
membrane. When the axon is in sea water, the concentration of sodium out- — 
side the membrane [Na], is 5-10 times greater than that inside, [Na],. This 
tends to make the inward flux exceed the outward. The electrical potential 


mA.fem2 


Fig. 1 . Fig. 2 

Fig. 1. Records of membrane current during ‘voltage clamps’ in which membrane potential was 
lowered by 65 mV. Top record: axon in sea water. Centre record: axon in choline sea water. 
Bottom record: after replacing sea water. Axon no. 15; temperature 11° C. Inward current 

is shown upwards in this and all other figures. 
Fig. 2. Records of membrane current during ‘voltage clamps’. a, axon in sea water; b, axon in 
_ Choline sea water; c, after replacing sea water. Displacement of membrane potential indicated 
in mV. Axon no, 21; temperature 85° C. Vertical scale: 1 division is 0-5 mA./om.*. Hori- | 
zontal scale: interval between dots is 1 msec. 


difference Z also helps the inward and hinders the outward flux so long as it 
is positive, i.e. in the same direction as the resting potential. The net current — 
carried by the positive charge of the sodium ions is therefore inward unless 
the depolarization is strong enough to bring E to a sufficiently large negative 
value to overcome the effect of the concentration difference. The critical value 


zero, will be called the ‘sodium potential’, Zy,. Its value should be given by 


Exe =F 
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With values of EH more negative than this, the net sodium flux is outward, 
causing the early phase of the outward current seen in the lowest record of 
the first and third columns of Fig. 2, where the axon was in sea water and was 
depolarized by 112 mV. A family of voltage clamp records which shows par- 
ticularly well this transition from an initial rise to an initial fall as the strength 
of depolarization is increased is reproduced as Fig. 14 of the preceding paper. 

When the axon is placed in a sodium-free medium, such as the ‘choline sea 
water’, there can be no inward flux of sodium, and the sodium current must 
always be outward. This will account for the early hump on the outward 
current which is seen at all but the lowest strength of depolarization in the 
- centre column of Fig. 2. 


Voltage clamps with reduced sodium concentration 


The results of reducing the sodium concentration to 30 and 10% of the 


value in sea water are shown in Figs. 3 and 4 respectively. These figures do 
not show actual records of current through the membrane. The curves are 
graphs of ionic current against time, obtained by subtracting the current 
through the capacity from the recorded total current. The initial surge in an 
anodal record was assumed to consist only of capacity current, and the 
capacity current at other strengths was estimated by scaling this in propor- 
tion to the amplitude of the applied voltage change. 
_ As would be expected, the results are intermediate between those shown in 
Fig. 2 for an axon. in sea water and in choline sea water. Inward current is 
present, but only over a range of membrane potentials which decreases with 
the sodium concentration, and within that range, the strength of the current 
is reduced. A definite sodium potential still exists beyond which the early 
hump of ionic current is outward, but the strength of depolarization required 
to reach it decreases with the sodium concentration. Thus, in the first column 
of Fig. 3, with the axon in 30% sodium sea water, the sodium potential is 
almost exactly reached by a depolarization of 79 mV. In the second column, 
with sea water surrounding the axon, the sodium potential is just exceeded 
by a depolarization of 108 mV. In column 3, after re-introducing 30% sodium 
sea water, the sodium potential is slightly exceeded by a depolarization of 
79 mV. Similarly, in Fig. 4, the sodium potentials are almost exactly reached 
by depolarizations of 105, 49 and 98 mV. in the three columns, the axon being 
in sea water, 10% sodium sea water and sea water respectively. The sequence 


of changes in the form of the curves as the sodium potential is passed is 
remarkably similar in all cases. | 


The external sodium concentration and the ‘sodium potential’ 
Estimation - of the ‘sodium potential’ in solutions with different sodium 
concentrations is of particular importance because it leads to a quantitative 
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msec. 


msec. msec 

Fig. 3. Curves of ionic current density during ‘voltage clamps’. a, axon in 30% sodium sea water; 

b, axon in sea water; c, after replacing 30% sodium sea water. Displacement of membrane 
potential indicated in millivolts. Axon no. 20; temperature 6-3° C. 
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Fig. 4. Curves of ionic current density during voltage clamps in neighbourhood of sodium 
potential. a, axon in sea water; b, axon in 10% sodium sea water; c, after replacing sea water. 
Note that ordinate scale is larger in b than in a and c. a ne 
_ in millivolts indicated for each curve. Axon no. 21; sehcaseteeniaall 
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test of our hypothesis. Equation (1) gives the sodium potential in sea water 
(Ey), and the corresponding quantity (Ey,) when the external sodium con- 
centration is reduced to [Na], is given by 


The displacements of membrane = V, ek, to these values 
are Vy, =Ey,—E, and Vy, = where and are the values of 


the a potential in sea water and in the test solution respectively. Hence 


Wa + = og, 3) 

Each term in this equation can be determined experimentally, and data 
were obtained in four experiments on two axons. The results are given in 
Table 1, where the observed shift in sodium potential is compared with that 
predicted from the change in sodium concentration by Equation (3). It will be 


Taste 1. Comparison of observed and theoretical change in sodium potential when the fluid 
an axon is changed from sea water to a low sodium solution. Observed change: 


Bing Vu) + (I; B,); theoretical change log, 


[Na], 

Sodium potential shift 

Axon Tem [Na], V3 (Ei -E,) ‘Observed Theoretical 
no. (°C) [Ne  (mV.) (mV.)  (mV.) (mV.) 
20 6-3 0-3 ~ 105 -78 £3 +30 +28-9 
20 6-3 0-1 96 45 +55 + 55-3 
21 8-5 0-1 - 100 48 +4 +56 
21 8-5 0-1 ~95 45 +4 +54 +55-6 


seen that there is good agreement, providing strong evidence that the early 
rise or fall in the recorded ionic current is carried by sodium ions, moving 
under the influence of their concentration difference and of the electric poten- 
tial difference across the membrane. 


Details of the estimation of the quantities which enter into Equation (3) 
are given in the following paragraphs. 


Determination of Vy,. At the sodium potential there is neither inward sodium current, shown 
by an initial rise in the ionic current, nor outward sodium current, shown by an early hump in 
the outward current. It was found that these two criteria did in fact define the sodium potential 
very sharply, i.e. a hump appeared as soon as the ionic current showed an initial fall. It was 
therefore permissible to take as V,,, the strength of depolarization which gave an ionic current 
curve which started horizontally. This criterion was much more convenient to apply than the 
absence of a hump, since records were taken at fairly wide intervals of V (usually 7 mV.) and an 
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Change in resting potential. Experiments with ordinary capillary internal electrodes showed 
that the resting potential increased on the average by 4 mV. when the sea water surrounding the 


_ axon was replaced by choline sea water (a correction of 1-5 mV. for junction potentials in the — 


external solutions is included in this figure). With intermediate sodium concentrations, the change 
in resting potential was assumed to be proportional to the change in sodium concentration. For 
instance, the resting potential in 30% sodium sea water was taken as 2-8 mV. sensi austen 


water. 


Slow change in condition of axon. When an axon is kept in sea water, its sodium content rises 
(Steinbach & Spiegelman, 1943; Keynes & Lewis, 1951) and its resting potential falls. Both of 
these effects bring H, and Hy, closer together, diminishing the absolute magnitude of V,,. In 
comparing Vx, in two solutions, it was therefore necessary to determine V ,, first in one solution, 
then in the other and finally in the first solution again. The second value of Vx, was then com- 
pared with the mean of the first and third. 


The internal sodium concentration and the sodium potential 
In freshly mounted fibres the average difference between the sodium poten- 
tial and the resting potential was found to be —109 mV. (ten axons with 


a range of —95 to —119 mV. at an average temperature of 8° C.). The average — 


resting potential in these fibres was 56 mV. when measured with a micro- 
electrode containing sea water. By the time the sodium potential was 
measured the resting potential had probably declined by a few millivolts and 
may be taken as 50mV. Allowing 10-15 mV. for the junction potential 


between sea water and axoplasm (Curtis & Cole, 1942; Hodgkin & Katz, 1949) 
this gives an absolute resting potential of 60-65 mV. The absolute value of the 


sodium potential would then be —45 fo —50 mV. The sodium concentration 
in sea water is about 460 m.mol./kg. H,O (Webb, 1939, 1940) so that the 
internal concentration of sodium would have to be 60-70 m.mol./kg. H,O in 
order to satisfy Equation 1. This seems to be a very reasonable estimate since 
the sodium concentration in freshly dissected axons is about 50 m.mol./kg. H,O 
while that in axons kept for 2 or 3 hr. is about 100 m.mol./kg. H,O (Steinbach 


& Spiegelman, 1943; Keynes & Lewis, 1951; Manery, 1939, for fraction of water 
in axoplasm). 


Outward currents at long times 
So far, this paper has been concerned with the earliest phases of the mem- 
brane current that flows during a voltage clamp. The only current which has 
the opposite sign from the applied voltage pulse is the inward current which 
occurs over a certain range of depolarizations when the surrounding medium 


- contains sodium ions. This inward current is always transient, passing over 


into outward current after a time which depends on the strength of depolariza- | 
tion and on the temperature. The current at long times resembles that in an 
ohmic resistance in having the same sign as the applied voltage change, but 
differs in that the outward current due to depolarization rises with a delay to 
a density which may be 50-100 times greater than that associated with 
a similar increase in membrane potential. Figs. 1-3 show that this — 
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is not greatly affected by the concentration of sodium in the fluid surrounding 
the axon. 

An outward current which arises with a delay after a fall in the membrane 
potential is clearly what is required in order to explain the falling phase of the 
action potential. The outward currents reached in a voltage clamp may con- 
siderably exceed the maximum which occurs in an action potential; this may 
well be because the duration of an action potential is not sufficient to allow the 
outward current to reach its maximum value. These facts suggest that the 
outward current associated with prolonged depolarization is the same current 
which causes the falling phase of the action potential. The evidence (reviewed 
by Hodgkin, 1951) that the latter is caused by potassium ions leaving the.axon 
is therefore a suggestion that the former is also carried by potassium ions. 
Direct evidence that such long-continued and outwardly directed membrane 
currents are carried by potassium ions has now been obtained in Sepia axons 
by a tracer technique (unpublished experiments). We shall therefore assume 
that this delayed outward current is carried by potassium ions, and we shall 
refer to it as ‘potassium current’, J. Since it is outward, it is not appreciably 
affected by the external potassium concentration, and evidence for or against 
potassium being the carrier cannot easily be obtained by means of experiments 
analogous to those which have just been described with altered external sodium 
concentration. 

Ix «mn sea water and choline. As has been mentioned, the later part of the 
current record during a constant depolarization is much the same whether the 
axon is surrounded by sea water or by one of the solutions with reduced 
sodium concentration. There are, however, certain differences. For a given 
strength of depolarization, the maximum outward current is smaller by some 
10 or 20% in the low-sodium solution, and at the higher strengths where the 
outward current is not fully maintained, the maximum occurs earlier in the 
low-sodium solution. Part of the difference in amplitude is explained by the _ 
difference of resting potential. Since the resting potential is greater in the 
low-sodium medium, a higher strength of depolarization is needed to reach 
@ given membrane potential during the voltage clamp. This difference can be 
allowed for by interpolation between the actual strengths employed in one of 
the solutions. In most cases, this procedure did not entirely remove the 
difference between the amplitudes. There are, however, two other effects 
which are likely to contribute. In the first place, the effect of not using 
“compensated feed-back’ is probably greater in the low-sodium solution (see 
preceding paper, p. 445). This further reduces the amplitude of the voltage 
change which actually occurs across the membrane. In the second place, the 
fact that the current reached its maximum earlier suggests that ‘ polarization’ 
(preceding paper, p. 445) had a greater effect in the low-sodium solution. We 
do not know enough about either of these effects to estimate the amount by 
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which they may have reduced the potassium current. It does seem at least 
possible that they account for the whole of the discrepancy, and we therefore 
assume provisionally that substituting choline sea water for sea water has no 
direct effect on the potassium current. 


The results so far described suggest that the ionic current during a depolar- 
ization consists of two more or less independent components in parallel, an 
early transient phase of current carried by sodium ions, and a delayed long- 
lasting phase of current carried by potassium ions. In each case, the direction 
of the current is determined by the gradient of the electro-chemical potential 
of the ion concerned. It will clearly be of great interest if it is possible to 
estimate separately the time courses of these two components. There is enough 
information for doing this in data such as are presented in Fig. 2, if we make 
certain assumptions about the effect of changing the solution around the axon, 
If we compare the currents when the axon is in the low-sodium solution with 
those in sea water, the membrane potential during the voltage clamp being 
the same in both cases, then our assumptions are: 

(1) The time course of the potassium current is the same in both cases. 

(2) The time course of the sodium current is similar in the two cases, the 
amplitude and sometimes the direction being changed, but not the time scale 
or the eg of the time course. 


(3) w + —* =0 initially for a period about one-third of that taken by Iy, to 
reach its maximum. 

The first two of these assumptions are the simplest that can be made, and 
do not conflict with any of the results we have described, while the third is 
strongly suggested by the form of records near the sodium potential, as pointed 
out on p. 454. These points are sufficient reason for trying this set of assump- 
tions first, but their justification can only come from the consistency of the 
results to which they lead. The differences between the effects of lack of com- 
pensation, and of the polarization phenomenon, in the two solutions, referred 
to at the end of the last section, will of course lead to certain errors in the 
analysis in the later stages of the ionic current. 

The procedure by which we carried out this analysis was as follows: 

(1) Three series of voltage clamp records at a range of strengths were taken, 
the first with the axon in one of the solutions chosen for the comparison, the 
second with the axon in the other solution, and the third with the first 
solution again. Such a set of records is reproduced in Fig. 2. 

(2) Each projected on to a grid in which the lines corresponded 
to equal in ne and current, and the current was measured at a series 
of time intervals after the beginning of the voltage change. 
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(3) The time course of the initial pulse of current through the membrane 
capacity was determined from anodal records as described on p. 452 above, 
and subtracted from the measured total currents. Different corrections were 
needed in the two solutions, because the capacity current had a slower time 
course in the low sodium solutions, perhaps as a result of their lower conduc- 
tivity. This procedure yielded a family of curves of ionic current against time 
such as is shown in Fig. 3. | 

(4) Each pair of curves in the first and third series at the same strength was 
averaged, in order to allow for the slow deterioration in the condition of the 
axon that took place during the experiment. 

(5) The difference in resting potential was allowed for by interpolating 
between consecutive curves in either the second series or the series of averaged 
curves, 

(6) We have now obtained curves of ionic current against time in the two 
solutions, with strengths of depolarization which reach the same membrane 
potential during the voltage clamp. The ionic current will be called J; in sea 
water and J; in the low-sodium solution. The components carried by sodium 
and potassium in the two cases will be called Jy, , Jy,, 1 and Ig respectively. 
The next step was to plot J; against J,, and to measure the initial slope k of 
the resulting graph (corresponding to the beginning of the voltage clamp). 

Since we assume that initially dZ,,/dt=0, and that Jy, and Jy, have similar 
time courses, k=Iy,/Iy,. Further, since we assume that 1,=I,;, 


| Tyq— Inq (1-2). 


Hence Iya = (4) 
(5) 
and (6) 


These equations give the values of the component currents at any time in 
terms of the known quantities Z, and Jj, at that time. Curves of Jy, and 
I, against time could therefore be constructed by means of these equations. 
_ This procedure is illustrated in Fig. 5, which shows two pairs of ionic current 
curves together with the deduced curves of Iy,, Iy, and J, against time. The 
complete family of J, curves from this experiment is shown in Fig. 66, while 
Fig. 6a shows the family derived by the same procedure from another experi- 
ment. A satisfactory feature of these curves, which is to some extent a check 
on the validity of the assumptions, is that the general shape is the same at 
all strengths. If the time courses of Jy, and I, had not been of similar form, 
Kquation (6) would not have removed sodium current correctly. It would then 
have been unlikely that the curve of potassium current at a potential away 
from the sodium potential would have been similar to that at the sodium 
potential, where the sodium current is zero and Equation (6) reduces to 
I, =I, because k=00. 
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- sodium solutions, even when allowance is made for the resting potential shift. 
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On the other hand, it is clearly inconsistent that the Jy, and J, curves in 
the lower part of Fig. 5 reverse their direction at 2 msec. after the beginning 
of the pulse. This is a direct consequence of the fact, discussed on p. 456 above, 
that the late outward current is somewhat greater in sea water than in the low- 


Fig. 5. Curves illustrating separation of ionic current into Jy, and Iz. Upper part of figure. 
a, ionic currents: J,, axon in sea water, membrane potential lowered by 56 mV.; Jj, axon in 
10% sodium sea water, membrane potential lowered by 60 mV. (average of curves taken 
before and after J,). 6, sodium currents: J,,, sodium current in sea water; J},, sodium 
current in 10% sodium sea water. c, potassium current, same in both solutions. Lower part 
of figure. Same, but’ membrane potential lowered by 84 mV. in sea water and 88 mV. 
in 10% sodium sea water. Current and time scales same for all curves. Axon no. 21; 
temperature 8-5° C, 


Fig. 6. Curves of potassium current against time for various strengths of depolarization. Dis- 
placement of membrane potential when axon is in sea water is indicated for each curve, in 
millivolts, a, derived from voltage clamps with axon in 30% sodium sea water, sea water 
and 30% sodium sea water. Axon no. 20; temperature 6-3°C. 6, derived from voltage clamps 
with axon in 10% sodium sea water, sea water and 10% sodium sea water. Axon no. 21; 
temperature 8-5° C. 
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It was pointed out there that the difference may well be due to lack of com- 
pensation and to ‘polarization’. Until these effects can be eliminated, esti- 
mates of sodium current at the longer times will be quite unreliable, and the 
corresponding estimates of potassium current will be somewhat reduced by 

All the sodium current curves agree in showing that Jy, rises to a peak and 
then falls. With weak depolarizations (less than 40 mV.) the steady state value 
is definitely in the same direction as the peak, but at higher strengths the 
measured I, tends to a value which may have either direction. Since the 
sources of error mentioned in the last paragraph can cause an apparent 
reversal of I, during the pulse, it is : 
possible that if these errors were larger — 


mA./em.? 
than we suppose the whole of the ap- 

parent drop of Zy, from its peak value y= 

might also be spurious. At the time that 


an account of preliminary work with : 

this technique was published (Hodgkin 
et al. 1949) we were unable to decide A [\ | 

this point, and assumed provisionally 3 7 

that did not fall after reaching ite 
maximum value. We are now convinced _ water, showing early maximum of out- 
that this fall is genuine: (1) because of 
improvements in technique; (2) because _ oes ee 

of experiments of other kinds 

which are described in the next two papers of this series (Hodgkin & Huxley, 
1952a, 6); and (3) because we occasionally observed records of the kind shown 
in Fig. 7. This is a record of membrane current during a voltage clamp in 
which an axon in choline sea water was depolarized by 84 mV. It will be seen 
that the early hump of outward current (due to sodium ions) was so marked 
that the total current reached a maximum at about 0-2 msec. and then fell 
before finally rising to the plateau attributable to movement of potassium ions. 
Unless we make the quite unwarrantable assumption that J, itself has this 
double-humped form, this curve can only be explained by supposing that 
Ty, (outward in this case) falls after passing through a maximum value. The 
fact that such a clear maximum was not regularly observed was no doubt due 
to Iy, usually being smaller in relation to J, than in this case. — 

We do not present a family of I, curves here, because the sequence of the 
curves is interrupted at the sodium potential. For this reason, the information 
is better given in the curves of ‘sodium conductance’ which are derived later 
in this paper (pp. 461-2 and Fig. 8). The variation of peak sodium current 
with strength of depolarization is shown in Fig. 13 for axons both in sea water 
and in low-sodium solutions. ; 
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Current carried by other ions. It seems to be possible to account for the 
variation of current with time during the voltage clamp by variations in the 
currents carried across the membrane by two ions, namely sodium and potas- 
sium. If, however, the membrane allowed constant fluxes of one or more 
other ion species, the current, carried by these would form part of the ‘I,’ 
which is deduced by our procedure, since this current would be independent 
both of time and of sodium concentration, and J, is defined by its satisfying 
these criteria during the earliest part of the pulse. Reasons will be given in the 
next paper (Hodgkin & Huxley, 19522) for supposing that the current carried 
by other ions is appreciable, though not of great importance except when the 
membrane potential is near to or above its resting value. Each of the J, 
curves in Figs. 5 and 6 therefore includes a small constant component carried 
x other ions. This component probably accounts for much of the step in 


x at the beginning of the voltage pulse. 


Expression of vonic currents in terms of conductances 
_ General considerations. The preceding sections have shown that the ionic 
current through the membrane is chiefly carried by sodium and potassium 
ions, moving in each case under a driving force which is the resultant of the 
concentration difference of the ion on the two sides of the membrane, and of 
the electrical potential difference across the membrane. This driving force 
alone determines the direction of the current carried by each ionic species, 
but the magnitude of the current depends also on the freedom with which the 
membrane allows the ions to pass. This last factor is a true measure of the 
‘permeability’ of the membrane to the ion species in question. As pointed out 
by Teorell (1949), a definition of permeability which takes no account of 
electrical forces is meaningless in connexion with the movements of ions, 


_ though it may well be appropriate for uncharged solutes. 


The driving force for a particular ion species is clearly zero at the scidiRticinm 
potential for that ion. The driving force may therefore be measured as the 
difference between the membrane potential and the equilibrium potential. 
Using the same symbols as in Equations (1)-(3), the driving force for sodium 
ions will be (EZ —E,); which is also equal to (V — Vq). The permeability of the 
membrane to sodium ions may therefore be measured by Iyq/(# —Hy,). This 
quotient, which we denote by gy,, has the dimensions of a conductance (cur- 
rent divided by potential difference), and will therefore be referred to as the 
sodium conductance of the membrane. Similarly, the permeability of the 
membrane to potassium ions is measured by the potassium conductance gx, 
which is defined as I,,/(E—E). Conductances defined in this way may be 
called chord conductances and must be distinguished from slope conduc- 


tances (Q) defined as 21/08. 


These definitions are valid whatever the relation between Jy, and (E—Ey,), 
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or between J, and (E—E,), but the usefulness of the definitions, and the 


degree to which they measure real properties of the membrane, will clearly be 
much increased if each of these relations is a direct proportionality, so that 
Jna and gx are independent of the strength of the driving force under which 
they are measured. It will be shown in the next paper (Hodgkin & Huxley, 
1952a) that this is the case, for both sodium and potassium currents, im an 
axon surrounded by sea water, when the measurement is made so rapidly that 
the condition of the membrane has no time to change. ae 
Application to measured sodium and potassium currents. The determination 
of sodium current, potassium current and sodium potential have been 
described in earlier sections of the present paper. The method by which the 
potassium potential, F,, was found is described in the next paper (Hodgkin & 
Huxley, 1952a), and the values used here are taken from that paper. We have 


b 


A i 3 i 4 6msec.0 1 2 3 4 6 msec. 
Fig. 8. Curves of sodium conductance (a) and potassium conductance (b). Displacement of 
membrane potential (millivolts) when axon was in. sea water is indicated on each curve. 
Curves of J, and J, in same experiment are shown in Figs. 3 and 6a respectively. Axon no. 20; 
temperature 6-3° C. 


therefore sufficient data to estimate gx, and gy as functions of. time during 
a voltage clamp. Families of gy, and gx curves, for various strengths of 
depolarization, are shown in Fig. 8. The sodium conductances are calculated 
from the sodium currents in sea water, divided by the difference between 
membrane potential and sodium potential in sea water. If the same pro- 
cedure had been applied to the corresponding quantities in the low-sodium 
solution, a similar family would have been obtained, but the relative amplitudes 
of the members of the family would have been slightly different. The values 
obtained from the sea water figures are the more interesting, both because 
they refer to a more normal condition, and because it is only in this case that 
the instantaneous relation between sodium current and voltage is linear 
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(Hodgkin & Huxley, 19524). The corresponding distinction does not arise 
with gx, since both J, and FE, are the same in both solutions. 

The shapes of individual curves in Fig. 8 are of course similar to those of 
curves of Jy, or J, such as are shown in Figs. 5 and 6, since the driving force 
for each ion is constant during any one voltage clamp. The change of amplitude 
of the curves with strength of depolarization is, however, less marked than 
with the current curves. For potassium, this can be seen by comparing 


. Figs. 6a and 86, which refer to the same experiment. For sodium, it is clear 


from Fig. 8a that the conductance curves undergo no marked change at the 
sodium potential, while the current curves reverse their direction at this point. 

Membrane potential and magnitude of conductance. The effect of strength of 
depolarization on the magnitude of the conductances is shown in Figs. 9 and 
10. For each experiment, the maximum values of gy, and g, reached in 
a voltage clamp of strength about 100 mV. are taken as unity, and the maxi- 
mum values at other strengths are expressed in terms of these. Values of gna 
are available only from the four experiments in which there were enough data 
in sea water and in a low-sodium solution for the complete analysis to be 
carried out. The maximum values of g, were also estimated in two other 
experiments. This was possible without complete analysis because the late 
current was almost entirely carried by potassium when the axon was in 
choline sea water. 


_ The two curves are very similar in shape. At high strengths they become 
flat, while at low strengths they approach straight lines. Since the ordinate is 
plotted on a logarithmic scale, this means that peak conductance increases 


exponentially with strength of depolarization. The asymptote approached by. 
the sodium conductances is probably steeper than that of the potassium data; 
the peak sodium conductances increase e-fold for an increase of 4 mV. in 
strength of depolarization; for potassium the corresponding figure is 5 mV. 
The values of conductance at a depolarization of 100 mV., which are 
represented as unity in Figs. 9 and 10, are given in Table 2. In all these cases 
where enough measurements were made to construct a curve, the axon had 
been used for other observations before we took' the records dn which the 
analysis is based. In several cases, it was possible to estimate one or two values 
of sodium and potassium peak conductance at the beginning of the same 
experiment, and these were considerably higher than the corresponding values 


in Table 2, which must therefore be depressed by deterioration of the fibres. — 


More representative values of the peak g, and gy, at high strengths were 
estimated at the beginning of experiments on several fibres. Potassium current 
at long times can be estimated without difficulty, since Jy, is then negligible, 
especially at these depolarizations which are near the sodium potential. Nine 
fibres at 3-11° C. gave peak values of gy, at —100 mV. ranging from 22 to 
41 m.mho/cm.?, with a mean of 28; five fibres at 19-23° C. gave a range of 
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“720-110-100 -90 70 -50-—40 -30 -20-10 0 
Displacement of membrane potential (mV.) 
Fig. 9. Maximum sodium conductance reached during a voltage clamp. Ordinate: iihl cies. 
tance relative to value reached with depolarization of 100 mV., logarithmic scale. Abscissa: 
displacement of membrane potential from resting value (depolarization negative). 


110-100 -90 ~80-70 -60 -50-40 30-20 -10 0 +10 
t of membrane potential (mV.) 

conductance relative to value reached with depolarization of 100 mV., logarithmic scale. 


Abscissa: displacement of membrane potential from resting value (depolarization negative). 


TaBLE 2. Peak values of sodium and potassium conductance at a depolarization of 100 mV. 
Same experiments as Figs. 9 and 10. In each case, the value given in this table is represented 

as unity in Fig. 9 or Fig. 10. 
ook Peak conductances at - 100 mV. 


Sodium Potassium 
(m.mho/om.*) (m.mho/cm.*) 


bo 
| 


5 
3 001 
4 
q \ 
094 
“OP OR Qn \ 
,\ 
q Axon Temp. (°C.) 
01 + 15 11 
5 18 2 
4 ¥ o 20 6 
a 2 85 
4 
E 
E \. 
4 z \ 
q Temp. 
Axon no. (°C.) 
4 15 ll 
17 6 18 
18 21 
d 20 6 22 
4 21 8-5 23 | 
4 21 8-5 17 
q Mean 20 


Na AND K CURRENTS IN NERVE MEMBRANE 465 


33-37 m.mho/cm.*, mean 35. Values of the peak sodium conductance were 
obtained by measuring the peak inward current at a depolarization of about 
60 mV. and dividing by the corresponding value of (V—Vy,). They are 
probably 10-20% low because current carried by potassium and other ions 
makes the peak inward current less than the peak sodium current, and 
because the peak conductance at 60 mV. depolarization is slightly less than 
that reached at 100 mV. Five fibres at 3-9° C. gave values ranging from 22 to 
48 m.mho/cm.*, mean 30; a single fibre at 22° C. gave 24 m.mho/cm.’. 
These results show that both g, and gy, can rise considerably higher than 


the values for the fully analysed experiments given in Table 2. They may be 


summarized by saying that on the average a freshly mounted fibre gives 
maximum conductances of about 30-35 m.mho/cm.? both for sodium and for 
potassium, corresponding to resistances of about 30 Q. for 1 cm.? of membrane. 
This value may be compared with the resting resistance of about 1000 Q. cm.? 
(Cole & Hodgkin, 1939), and the resistance at the peak of an action potential, 
which is about 25 Q. cm.? (Cole & Curtis, 1939). 

Membrane potential and rate of rise of conductance. It is evident from Fig. 8 
that the strength of depolarization affects not only the maximum values 
attained by gy, and gy during a voltage clamp, but also the rates at which 
these maxima are approached. This is well shown by plotting the maximum 
rate of rise of conductance against displacement of membrane potential. This 
has been done for sodium conductance in Fig. 11 and for potassium conduc- 
tance in Fig. 12. The data for g, were taken from a fully analysed run, but 
in the case of sodium it is sufficient to take the maximum rate of rise of total 


- jonic current, with the axon in sea water, and divide by (V — Vy,). The maxi- 


mum rate of rise occurs so early that d/,_/d¢ is still practically zero, so that 
dl ,/dt=dIy,/dt. 

These graphs show that the rates of rise of both conductances continue to 
increase as the strength of the depolarization is increased, even beyond the 
point where the maximum values reached by the conductances themselves 
have become practically constant. 


DISCUSSION 
Only two aspects of the results described in this paper will be discussed at this 
stage. The first is the relationship between sodium current and external sodium 
concentration ; the second is the application of the results to the interpretation 
of the action potential. Further discussion will be reserved for the final paper 
of this series (Hodgkin & Huxley, 1952c). 


General considerations and theory. We have shown in the earlier parts of this 
paper that there is good reason for believing that the component of membrane 
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current that we refer to as Iys is carried by sodium ions which move down 
their own electrochemical gradient, the speed of their movement, and therefore 
the magnitude of the current, being also determined by changes in the freedom 
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Fig. 11. Maximum rates of rise of sodium conductance during voltage clamps plotted against 

displacement of membrane potential. Circles are to be read with the scale on the left-hand 

side. The two lowest points are also re-plotted as crosses on 100 times the vertical scale, and 

are to be read with the scale on the right-hand side. The peak sodium conductance reached 

at high strengths of depolarization was 16 m.mho/cm.’. Axon no, 41; temperature 3-5° C. 
Compensated feed-back. 
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Fig. 12. Maximum rates of rise of potassium conductance during voltage clamps, plotted against 
displacement of membrane potential. Circles, left-hand scale: axon no. 17; temperature 
6° C. Triangles, right-hand scale: axon no. 21; temperature 85°C. At - 100 mV. the maxi- 
mum potassium conductance was 20 m.mho/cm.* for axon no. 17 and 31 m.mho/cm.? for 
axon no. 21. 


with which they are permitted to cross the membrane under this driving force. 
If this is in fact the case, we should expect that sodium ions would cross the 
membrane in both directions, the observed Jy, being the difference between 
the opposing currents carried by these two fluxes. At the sodium potential 
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the fluxes would be equal, making /y, zero; as the membrane potential is 
increased from this value, the ratio of inward to outward flux would increase, 
making Jy, positive, and vice versa. 

By making certain very general assumptions about the manner in which 
ions cross the membrane it is possible to derive an equation which predicts 


the effect of sodium concentration on sodium current. The theory on which 


this equation depends is closely connected with those of Behn (1897), Teorell 
(19496) and Ussing (1949), but differs from them, both in the assumptions — 
from which it is derived and in the range of cases to which it applies. 

We assume only that the chance that any individual ion will cross the 
membrane in a specified interval of time is independent of the other ions which 
are present. The inward flux M, of any ion species will therefore be propor- 
tional to the concentration c, of that ion in the external fluid, and will not be 
affected by c,, its concentration inside the axon. We may therefore write 


M,=k,¢,, (7) 
where &, is a constant which depends on the condition of the membrane and 
on the potential difference across it. Similarly, the outward flux M, is given by 


M,=kyzz, (8) 
where k, is another constant, determined by the same factors as k, but in 
general different from it. Hence 


(9) 
The condition for equilibrium is that M, = M,, so that 
= cf 


where cf is the external concentration that would be in equilibrium with 


the (fixed) internal concentration, under the existing value of #, the mem- 
brane potential. 
Substituting for k,/k, in (9), we have 


(10) 


Now cf/ceg=exp(—EF/RT) and c,/c,.=exp(—E*F/RT), where E* is the 


equilibrium potential for the ion under discussion, so that 
=exp (H-—E*) F/RT 
and M,/M,=exp (E-E*) F/RT. (11) 
We now have in Equations (7), (8) and (11) three simple relations between 
M,, Mg, ¢, and E. The effect of membrane potential on either of the fluxes 
alone is not specified by these equations, but is immaterial for our purpose. 


If we wish to compare the sodium currents when the axon is immersed first 
in sea water, with sodium concentration [Na],, and then in a low-sodium 
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solution with sodium concentration [Na], the membrane potential having the 
same value F in both cases, we have: ' 


From (7), and from (8) Mic, Using these 
relations and Equation (11) 


Twa _ exp F/RT—1 (12) 


Strictly, activities should have been used instead of concentrations through- 
out. In the final Equation (12), however, concentrations appear only in the 
ratio of the sodium concentrations in sea water and the sodium-deficient 
solution. The total ionic strength was the same in these two solutions, so that 
the ratio of activities should be very close to the ratio of concentrations. The 
activity coefficient in axoplasm may well be different, but this does not affect 
Equation (12). 

Equation (11) is equivalent to the relation deduced by Ussing (1949) and is 
a special case of the more general equation derived by Behn (1897) and 
Teorell (19495). All these authors start from the assumption that each ion 
moves under the influence of an electric field, a concentration gradient and 
a frictional resistance proportional to the velocity of the ion in the membrane. 
This derivation is more general than ours in the respect that it is still applic- 
able if, for instance, a change in c, alters the form of the electric field in the 
membrane and therefore alters M,; in this case, Equations (8) and therefore 
(12) are not obeyed. On the other hand, it is more restricted than our deriva- 
tion in that it specifies the nature of the resistance.to movement of the ions. 

Agreement with experimental results. Equation (12) is tested against experi- 
mental results in Fig. 13. Section (a) shows data from the experiment illus- 
trated in Figs. 3 and 6a. The values of the sodium current in sea water (Iy,) 
and in 30% Na sea water (Iy,) were derived by the procedure described in 
the ‘Results’ section. The crosses are the peak values of Jy,, plotted against 
V, the displacement of membrane potential during the voltage clamp. 
A smooth curve has been fitted to them by eye. Wy, was taken as the position 
at which the axis of V was cut by this curve. Since 


V=E-E,, (E—Ey,)=(V 


and, for each point on the smoothed curve of Jy, against V, a corresponding 
value of Iz, was calculated by means of Equation (12). These values are 
plotted as curve B, The experimentally determined peak values of Jy, are 
shown as circles. These are seen to form a curve of shape similar to B, but of 
greater amplitude. They are well fitted by curve C, which was obtained from 
B by multiplying all ordinates by the factor 1-20. 
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Fig. 136, ¢ were obtained in the same way from experiments in which the 
low-sodium solutions were 10% Na sea water and choline sea water respec- 
tively. In each case, the peak values of Jy, are well fitted by the values 
predicted by means of Equation (12), after multiplying by constant factors of 
1-333 and 1-60 in (6) and (c) respectively. 

These constant factors appear at first sight to indicate a disagreement with 
the theory, but they are explained quantitatively by an effect which is 


_ described in the fourth paper of this series (Hodgkin & Huxley, 19526). The 
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Fig. 13. Test of ‘independence principle’. Three experiments. Crosses: peak sodium current 
density during voltage clamp; axon in sea water. Curve A fitted by eye. Circles: peak 
sodium current density during voltage clamp; axon in low sodium sea water. Curve B: peak 
sodium current density in low sodium sea water, predicted from curve A by Equation (12). 
Curve C: as curve B, but all ordinates multiplied by a factor f. Abscissa: membrane poten- 
tial measured from resting potential in sea water. (a) Axon no. 20; temperature 6° C. Data 

_ from voltage clamps in (1) 30% sodium sea water, (2) sea water, (3) 30% sodium sea water. 
Circles are average values from runs (1) and (3). Value of Vx, inserted in Equation (12): 
-106-8mV. Factor f=1:20. (6b) Axon no. 21; temperature 85°C. Data from voltage 
clamps in (1) 10% sodium sea water, (2) sea water, (3) 10% sodium sea water. Circles are 


average values from runs (1)and (3). Vy, = —98-8mV., f=1-333. (c) Axon no. 21; temperature 


8-5° C. Data from voltage clamps in (1) sea water, (2) choline sea water, (3) sea water, taken 
later than (b). Crosses are average values from runs (1) and (3). Vy, = —93°8 mV., f=1-60. 


resting potential was higher in the low-sodium solutions than in sea water, and 
it is shown in that paper that increasing the membrane potential by current 
flow allows.a subsequent depolarization to produce greater sodium currents 
than it would otherwise have done. The factor by which the sodium currents 
are thus increased is greater the lower the sodium concentration, and the 
poorer the condition of the fibre. The first of these effects explains why the 
factor is greater in (b) than in (a), while the second explains why it is greater 
in (c) than in (b). The experiments in Fig. 13), c were performed on the same 
PH. CXVI. 30 


h- 10 10 10 4 
\ 
ne 4 
x 
ct C / 
4 
/ 
is —120 £ —60 —20 —80 —60/—40 —20 x —80 ~—60 
n YA a —o5 b C ra 
1d 
e. 
q 
re 
a- q 
is- 
a) 4 
4 
are 
om 


470 A. L. HODGKIN AND A, F. HUXLEY 


fibre, and the deterioration between the experiments is shown by the fact that 
the Zz, values are only about half as great in (c) as in (b). | : 
We can therefore say that, within experimental error, the sodium currents 
in sea water and in low-sodium solutions are connected by Equation (12), sug- 
gesting that the ‘independence principle’ from which this equation was 
derived is applicable to the manner in which the ions cross the membrane. 
This does not tell us much about the physical mechanism involved, since the 
‘independence’ relations would be obeyed by several quite different systems. 
Examples are the ‘constant field’ system discussed by Goldman (1943), where 
the electric field through the membrane is assumed to be uniform and un- 
affected by the concentrations of ions present; and any system involving 
combination with carrier molecules in the membrane, so long as only a small 
proportion of the carrier is combined with the ion at any moment. 


Origin of the action potential 

The main conclusions that were drawn from the analysis presented in the 
‘Results’ section of this paper may be summarized as follows. When the 
membrane potential is suddenly reduced (depolarization), the initial pulse of 
current through the capacity of the membrane is followed by large currents 
carried by ions (chiefly sodium and potassium), moving down their own 
electrochemical gradients, The current carried by sodium ions rises rapidly to 
a peak and then decays to a low value; that carried by potassium ions rises 
much more slowly along an S-shaped curve, reaching a plateau which is main- 
tained with little change until the membrane potential is restored to its resting 
value. 

These two components of the membrane current are enough to account 
qualitatively for the propagation of an action potential, the sequence of events 
at each point on the nerve fibre being as follows: (1) Current from a neigh- 
bouring active region depolarizes the membrane by spread along the cable 
structure of the fibre (“local circuits’). (2) As a result of this depolarization, 
sodium current is allowed to flow. Since the external sodium concentration is 
several times greater than the internal, this current is directed inwards and 
depolarizes the membrane still further, until the membrane potential reverses 
its sign and approaches the value at which sodium ions are in equilibrium. 
(3) As a delayed result of the depolarization, the potassium current increases 
and the ability of the membrane to pass sodium current decreases. Since the 
internal potassium concentration is greater than the external, the potassium 
current is directed outwards. When it exceeds the sodium current, it re- 
polarizes the membrane, raising the membrane potential to the neighbourhood 
of the resting potential, at which potassium ions inside and outside the fibre 
are near to equilibrium. : 

The further changes which restore the membrane to a condition in which it 
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can propagate another impulse have also been studied by the ‘voltage clamp’ 
technique and are described in subsequent papers (Hodgkin & Huxley, 
1952a, b). In the final paper of the series (Hodgkin & Huxley, 1952c), we show 
- that an action potential can be predicted quantitatively from the voltage clamp 
results, by carrying through sions the procedure which has just been 
outlined. 

SUMMARY 

1. The effect of sodium ions on the current through the shila of the 
giant axon of Lolgo was investigated by the ‘voltage-clamp’ method. 

2. The initial phase of inward current, normally associated with depolariza- 
tions of 10-100 mV., was reversed in sign by replacing the sodium in the 
external medium with choline. 

3. Provided that sodium ions were present in the external medium it was 
possible to find a critical potential above which the initial phase of ionic cur- 


rent was inward and below which it was outward. This potential was normally — 


reached by a depolarization of 110 mV., and varied with external sodium 
concentration in the same way as the potential of a sodium electrode. 


4. These results support the view that depolarization leads to a rapid 


increase in permeability which allows sodium ions to move in either direction 


through the membrane. These movements carry the initial phase of ionic — 


current, which may be inward or outward, according to the difference between 
the sodium concentration and the electrical aren of the inside and outside 
of the fibre. 

5. The delayed outward current associated with prolonged depolarization 
was little affected by replacing sodium ions with choline ions. Reasons are 
given for supposing that this component of the current is largely carried by 
potassium ions. 

6. By making certain simple assumptions it is possible to resolve the total 
ionic current into sodium and potassium currents. The time course of the 
sodium or potassium permeability when the axon is held in the depolarized 
condition is found by using conductance as a measure of permeability. 


7. It is shown that the sodium conductance rises rapidly to a maximum 


and then declines along an approximately exponential curve. The potassium 
conductance rises more slowly along an S-shaped curve and is maintained at 
a high level for long periods of time. The maximum sodium and potassium 


conductances were normally of the order of 30 m.mho/cm.’ at a depolarization © 


of 100 mV. 
8. The relation between sodium concentration and sodium current agrees 


with a theoretical equation based on the assumption that ions cross the mem-— 


brane independently of one another. 
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The flow of current associated with depolarizations of the giant axon of Loligo 
has been described in two previous papers (Hodgkin, Huxley & Katz, 1952; 
Hodgkin & Huxley, 1952). These experiments were concerned with the effect 
of sudden displacements of the membrane potential from its resting level 
(V =0) to a new level (V = V,). This paper describes the converse situation in 
which the membrane potential is suddenly restored from V=V, to V=0. It 
also deals with certain aspects of the more general case in which V is changed 
suddenly from V, to a new value V,. The experiments may be conveniently 
divided into those in which the period of depolarization is brief compared to 
the time scale of the nerve and those in which it is relatively long. The first 
group is largely concerned with movements of sodium ions and the second 
with movements of potassium ions. 


METHODS 

The apparatus and method were similar to those described by Hodgkin et al. (1952). The only new 
technique employed was that on some occasions two pulses, beginning at the same moment but 
lasting for different times, were applied to the feed-back amplifier in order to give a wave form 
of the type shown in Fig. 6. The amplitude of the shorter pulse was proportional to V, — V;, while 
the amplitude of the longer pulse was proportional to V,. The resulting changes in membrane 
potential consisted of a step of amplitude V,, during the period when the two pulses overlap, 
followed by a second step of amplitude V,. 


RESULTS 
Experiments with relatively brief depolarizations 
Discontinuities in the sodium current 
The effect of restoring the membrane potential after a brief period of 
depolarization is illustrated by Fig. 1. Record A gives the current associated 
with a maintained depolarization of 41 mV. As in previous experiments, this 
consisted of a wave of inward current followed by a maintained phase of 
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outward current. Only the beginning of the second phase can be seen at the 
relatively high time base speed employed. At 0-85 msec. the ionic current 
reached a value of 1:4 mA./cm.%. Record B shows the effect of cutting short 
the period of depolarization at this time. The sudden change in potential was 
associated with a rapid surge of capacity current which is barely visible on 


the time scale employed. This was followed by a ‘tail’ of ionic current which | 


0 _0 b 
| 

3 0 1 2 3msec. 0 4 2 3 4 msec. : 
Fig. 1. Left-hand column: a, b, c, time course of potential difference between external and internal 
electrode. Right-hand column: A, B, C, records of membrane current associated with changes 
in membrane potential shown in left-hand column. (The amplification in C was 90% greater 
than that in A and B.) A*, B*, time course of ionic currents obtained by subtracting capacity 
current in C from A and B. Axon 25; temperature 5° C.; uncompensated feed-back. Inward 

current is shown upward in this and all other figures except Fig. 13. 


started at about 2-2 mA./cm.? and declined to zero with a time constant of 
0-27 msec. The residual effects of the capacitative surge were small and could 
be eliminated by subtracting the record obtained with a corresponding anodal 
displacement (C). Curves corrected by this method are shown in A* and B*. 

The first point which emerges from this experiment is that the total period 
of inward current is greatly reduced by cutting short the period of depolariza- 


tion. This suggests that the process underlying the increase in sodium per- 


meability is reversible, and that repolarization causes the sodium current to 
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fall more rapidly than it would with a maintained depolarization. Further 
experiments dealing with this phenomenon are described on p. 482. At present 
our principal concern is with the discontinuity in ionic current associated with 
a sudden change of membrane potential. Fig. 2D illustrates the discontinuity 
in a more striking manner. In this experiment the nerve was depolarized 
nearly to the sodium potential, so that the ionic current was relatively small 
during the pulse. 


A 


{ 


D 


mA./em.? 


eee eeeeeseeseee eee 


3 4 msec. 


Fig. 2. Records of membrane current associated with depolarization of 97-5 mV. lasting, 0-05, 
0-08, 0-19, 0-32, 0-91, 1-6 and 2-6 msec. The time and current calibration apply to all records. 
Axon 41; temperature 3-5° C.; compensated feed-back. 


The other records in Fig. 2 illustrate the effect of altering the duration of the 
pulse. The surge of ionic current was small when the pulse was very short; it 
reached a maximum at a duration of 0-5 msec. and then declined with a time 
constant of about 1-4 msec. For durations less than 0-3 msec. the surge of 
ionic current was roughly proportional to the inward current at the end of the 
pulse. Since previous experiments suggest that this inward current is carried 
by sodium ions (Hodgkin & Huxley, 1952), it seems likely that the tail of 
inward current after the pulse also consists of sodium current. Fig. 3 illustrates 
an experiment to test this point. In A, the membrane was initially depolarized 
to the sodium potential. The ionic current was very small during the pulse but 
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the usual tail followed the restoration of the resting potential. The sequence of 
events was entirely different when choline was substituted for the sodium in 
the external fluid (Fig. 3B). In this case there was a phase of outward current 
during the pulse but no tail of ionic current when the membrane potential was 
restored, The absence of ionic current after the pulse is proved by the fact 
that the capacitative surges obtained with anodal and cathodal displacements 
were almost perfectly symmetrical (records B and C). These effects are ex- 
plained quite simply by supposing that sodium permeability rises when the 
membrane is depolarized and falls exponentially after it has been repolarized. 


3 mA.fem. 


i L i j 


0-2 04 #06  #$O8msec. 


Fig. 3. A, membrane current associated with depolarization of 110 mV. lasting 0-28 msec.; nerve 
in sea water. B, same, but with nerve in choline sea water. C, membrane currents associated 
with an increase of 110 mV. in membrane potential; nerve in choline sea water. Axon 25; 
temperature 5° C.; uncompensated feed-back. 

In record A the increase in permeability did not lead to any current during 

the pulse, since inward and outward movements of sodium are equal at the 

sodium potential. After the pulse the tendency of external sodium ions to 
enter the fibre is very much greater than that of internal sodium ions to leave. 

This means that there must be a large inward current after the pulse unless 

the sodium permeability reverts instantaneously to a low value. Record B is 

different because there were no external sodium ions to carry the current in 
an inward direction. The increase in sodium permeability therefore gave 

a substantial outward current during the period of depolarization but no in- 

ward current after the pulse. One might expect to see a ‘tail’ of outward 

current in B corresponding to the tail of inward current in A. However, the 
tendency of the internal sodium ions to leave the fibre against the resting 
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potential difference would be so small that the resulting outward current 
would be indistinguishable from the capacitative surge. According to the 
‘independence principle’ (Hodgkin & Huxley, 1952, equation 12), the out- 
-ward current in B should be only 1/97 of the inward current in A. 


Continuity of sodium conductance 


Discontinuities such as those in Figs. 1, 2 wnt 3A disappear if the results are 
expressed in terms of the sodium conductance (gy,). This quantity was defined 
previously by the following equation: 


(1) 
where V is the pS ee of the membrane potential from its resting value 
and Vy, is the difference between the equilibrium potential for sodium ions 
and the resting potential (Hodgkin & Huxley, 1952). 

The records in Fig. 4 allow gx, to be estimated as a function of time. 
Curves « and A give the total ionic current for a nerve in sea water. Curve « 
was obtained with a maintained depolarization of 51 mV. and A with the same 
- depolarization cut short at 1-1 msec. Curves 8 and B are a similar pair with 
the nerve in choline sea water. Curves y and C give the sodium current 
obtained from the two previous curves by essentially the method used in the 
preceding paper (see Hodgkin & Huxley, 1952). In this experiment the 
depolarization was 51 mV. and the sodium potential was found to be —112 mV. 
To convert sodium current into sodium conductance the former must therefore 
be divided by 61 mV. during the depolarization or by 112 mV. after the pulse. 
Curves § and D were obtained by this procedure and show that the conduc- 
tance reverts to its resting level without any appreciable discontinuity at the 
end of the pulse. Fig. 5 illustrates the results of a similar analysis using the 
records shown in Fig. 2. In this experiment no tests were made in choline 
sea water, but the early part of the curve of sodium current was obtained by 
assuming that sodium current was zero initially and that the contribution of 
other ions remained at the level observed at the beginning of the pulse. Records 
made at the sodium potential (— 117 mV.) indicated that the error introduced 
by this approximation should not exceed 5% for pulses shorter than 0-5 msec. 


The instantaneous relation between ionic current and membrane potential 

The results described in the preceding section suggest that the membrane 
obeys Ohm’s law if the ionic current is measured immediately after a sudden 
change in membrane potential. In order to establish this point we carried 
out the more complicated experiment illustrated by Fig. 6. Two rectangular 
pulses were fed into the feed-back amplifier in order to produce a double step 
of membrane potential of the type shown inset in Fig. 6. The first step had 
a duration of 1-53 msec. and an amplitude of —29 mV. The second step was 
relatively long and its amplitude was varied between —60 mV. and +30 mV. 
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see 


j 
0 1 2msec. 0 1 2 msec. ‘ 

Fig. 4. «, ionic current in sea water associated with maintained depolarization of 51 mV. applied 
at ¢=0. (The dotted line shows the form of the original record before correcting for capacity 
current.) 8, same in choline sea water. y, sodium current estimated as (a — ) x 0-92. 
5, sodium conductance estimated as y/61 mV. A, B, same as a and f respectively, but with 
depolarization lasting about 1-1 msec. C, sodium current estimated as (A - B) x 0-92 during 
pulse or (A — B) x 0-99 after pulse. D, sodium conductance estimated as C/61 mV. during 
pulse or C/112 mV. after pulse. The factors 0-92 and 0-99 allow for the outward sodium 
current in choline sea water and were obtained from the ‘independence principle’. Axon 17; 
temperature 6° C.; Vx, in sea water = - 112 mV.; uncompensated feed-back. 


40 

2 20 


0 O2 O03 O04 O6msec. 

Fig. 5. Time course of sodium conductance estimated from records C and D (Fig. 2) by method 
described in text. At zero time the membrane potential was reduced by 97-5 mV. and was 
restored to its resting value at 0-19 msec. (lower curve) or 0-32 msec. (upper curve). The 
broken part of the curve has been interpolated in the region occupied by the capacitative 
surge. Axon 41; temperature 3-5° C.; compensated feed-back; Vy, = —117 mV. 
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The ordinate (Z,) is the ionic current at the beginning of the second step and 
the abscissa (V,) is the potential during the second step. Measurement of J, 
depends on the extrapolation shown in Fig. 6A. This should introduce little 
error over most of the range but is uncertain for V,>0, since the ionic current 
then declined so rapidly that it was initially obscured by capacity current. 
There was some variation in the magnitude of the current observed during the 
first pulse. This arose partly from progressive changes in the condition of the 


1 


Fig. 6. Line A, instantaneous current-voltage relation. The first step had an amplitude of 
- 29 mV. and a duration of 1-53 msec. The abscissa (V,) gives the amplitude of the second 
step. The ordinate (J,) is the ionic current at. the beginning of the second step. The dots are 
observed currents. Hollow circles are these currents multiplied by factors which equalize 
the currents at the end of the first step. Inset A, method of measuring V, and J,. Curve a 
and crosses, relation between maximum inward current (J,) and membrane potential using 
single pulse of amplitude V,. Inset «, method of measuring V, and J,. Axon 31; temperature 
4° C.; uncompensated feed-back. 


nerve and partly from small changes in V, which cause large variations in 


current in the region of V= —29 mV. Both effects were allowed for by scaling _ 


all records so that the current had the same amplitude at the end of the first 
step. This procedure is justified by the fact that records made with V,=0 
show that the amplitude of the current immediately after the step was 
directly proportional to the current immediately before it. 

The results are plotted in curve A and show that the relation between J, and 
V, is approximately linear. This is in striking contrast to the extremely non- 
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linear relation obtained when the current is measured at longer intervals. An 
example of the second type is provided by curve « which shows how the 
maximum inward current varied with membrane potential in the same axon. 
In this case only a single pulse of variable amplitude was employed and current 
was measured at times of 0-5-2-0 msec. Under these conditions the sodium 
conductance had time to reach the value appropriate to each depolarization 
and the current-voltage relation is therefore far from linear. 

The line A and the curve « intersect at —29 mV. since the two methods of 
measurement are identical if V,=V,. A second intersection occurs at 
—106 mV. which is close to the sodium potential in this fibre. 

A similar pair of curves obtained with a larger initial depolarization is shown 
by A and « in Fig. 7. In this case the nerve was depolarized to the sodium 
potential so that one would expect the line A to be tangential to the curve «. 
This is approximately true, although any exact comparison is invalidated by 
the fact that the two curves could not be obtained at exactly the same time. — 


The instantaneous current-voltage relation in sodium-free solution 

The measurements described in the preceding section indicate that the 
instantaneous behaviour of the membrane is linear when the nerve is in sea 
water. The conclusion cannot be expected to apply for all sodium concentra- 
tions. The method of defining a chord conductance breaks down altogether if 
there is no sodium in the external medium. In this case Vy,=00 and gy, 
must be zero if the sodium current is to be finite. This condition could not be 
realized in practice but the theoretical possibility of its existence indicates that 
the concept of sodium conductance must be used with caution. 

The lower part of Fig. 7 illustrates an attempt to determine the instan- 
taneous current-voltage relation in a sodium-free solution. The upper curves 
(A and «) were measured in sea water and have already been described. The 
crosses in the lower part of the figure give the instantaneous currents in choline 
sea water, determined in the same way as the circles which give the corres- 
ponding relation in sea water. The effect of the change in resting potential has 
been allowed for by shifting the origin to the right by 4 mV. (see Hodgkin & 
Huxley, 1952). The series of records from which these measurements were 
made was started shortly after replacing normal sea water by choline sea 
water and was continued, in the order shown, with an interval of about 40 sec. 
between records. On analysis it was found that the earliest records (e.g. 1) 
showed a small inward current, whereas records taken later (e.g. 11 or 15) gave 
no such effect. It is evident that the series was started before all the sodium 
had diffused away from the nerve and that only the later records (e.g. 6-15) 
can be regarded as representative of a nerve in a sodium-free solution. Never- 
theless, it is clear that the instantaneous current-voltage relation shows 
a marked curvature and is quite different from the linear relation in sea water. 
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| The results are, in fact, reasonably close to those predicted by the ‘inde- 
pendence principle’. This is illustrated by a comparison of the crosses in Fig. 7 
with the theoretical curves B and C which were calculated from A on the 
assumption that the independence principle holds and that the sodium 


° 


mA./em. 
+4 /A 


+2 


1 
x 
1,15 12 13 


50 mV. 


Fig. 7. Current-voltage relations in sea water and choline sea water. Ordinate: current density. 
| Abscissa: displacement of membrane potential from resting potential in sea water. Line A 
j and curve « were obtained in sea water in the same way as in Fig. 6, except that the current 
for « was not measured at the maximum but at a fixed time (0-28 msec.) after application of 
a single step. The initial depolarization for A was 110 mV. and the duration of the first step 
was 0-28 msec, The crosses give the instantaneous currents in choline sea water, determined 
in the same way as the circles in A. The numbers show the order in which the measurements 
were made. B and C, instantaneous current in 10% sodium sea water and in choline sea 
water respectively, derived from A by means of the ‘independence principle’ using the 
equations 


_O-Lexp(V ~ Viyq)/24~1 

exp (V —Vy,)/24-1 

_ 

(Ima)a (V — 

V5, =sodium potential in sea water = - 110 mV. Sodium currents measured from the line D 
which passes through the origin and the point for the small current observed at the sodium 
potential in sea water. Axon 25; temperature 5° C.; uncompensated feed-back. 
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concentrations in the external solution were 10% (B) and 0% (C) of that in 4. 
It will be seen that there is general agreement between calculated and observed 
results, although the change in external sodium and the possibility of pro- 
gressive changes invalidates any exact comparison. In the preceding paper it 
was shown that the observed sodium currents in a choline solution were usually 
larger than those calculated from the independence principle. This deviation 
is not seen here, probably because the measurements in choline were made 
later than those in sea water and no attempt was made to correct for deteriora- 
tion, which is likely to have reduced the currents by 30% between the sea 
water and choline runs. | 

The experiment described in the preceding paragraph indicates that the 
linear relation between current and voltage observed in sea water is not 
a general property of the membrane since it fails in sodium-free solutions. 
This does not greatly detract from the usefulness of the result, for the primary 
concern of this paper is to determine the laws governing ionic movements | 
under conditions which allow a normal action potential to be propagated. — 


The reversible nature of the change in sodium conductance 

The results described in the first part of this paper show that the sodium 
conductance reverts rapidly to a low value when the membrane potential is 
restored to its resting value. Figs. 2 and 5 suggest that this is true at all stages 
of the response and that the rate at which the conductance declines is roughly 
proportional to the value of the conductance. A rate constant (by,) can be 
defined by fitting a curve of the form exp (—b,y,¢) to the experimental results. 
Values obtained by this method are given in Table 1. 

In order to investigate the effect of repolarizing the membrane to different 
levels on the rate of decline of sodium conductance we carried out the experi- 
ment illustrated by Fig. 8. The curves in the left-hand column are tracings 
of the membrane current while those on the right give the sodium conductance, 
calculated on the assumption that the contribution of ions other than sodium 
is negligible (records made in a solution containing 10% of the normal sodium 
concentration show that the error introduced by this approximation should 
not exceed 5% of the maximum current). The initial depolarization was 
29 mV. and the sodium conductance reached its maximum value in 1-53 msec. 
When the membrane potential was restored to its resting level the conductance 
fell towards zero with a rate constant of about 4-3 msec.—1 (curve y). If V, 
was made +28 mV. the rate constant increased to about 10 msec.-! and 
a further increase to 15 msec.-! occurred with V,= +57 mV. On the other 
hand, if V, was reduced to —14 mV. the conductance returned with a rate 
constant of only 1-6 msec.-?. When V,= —57 mV. the conductance no longer 
fell but increased towards an ‘equilibrium’ value which was greater than that 
attained at —29mV. (The curve cannot be followed beyond about 2 msec. 


; 
P 
“4 18 
Ag 
‘a 
on 
i 
4 
pF, 
4 
a 


MEMBRANE CONDUCTANCE IN NERVE 483 a 
| ‘Taste 1. Apparent values of rato constant determining decline of vodinm conductance 
following repolarization to resting potential 
potenti Average rate Rate constant a 
during “aaa of pulse Temperature constant at 6° C. a 
Axon (mV.) (msec. ) -(msec.-*) (msec.~*) 
15 -32 0-4-1+1 ll 9-4 5-4 
| 15 -91 0-1-0-5 11 9-0 52 q 
17 - 32 0-7-1-6 6 5-9 5:8 i 
17 -51 0-2-1-0 6 6-7 6-6 i 
24 — 42 0-2 20 18-5 4-1 a 
24 ~ 84 0-1 20 17-2 3-9 i 
25 1-0 4 3-8 4:8 
25 -110 0-3 4 33 4-0 a 
31 - 100 0-3 4 3-0 3-8 4 
31 29 1-5 4 4-2 5-3 it 
32 -116 0-2 5 6-3* 6-9* i 
32 -67 0-7 5 6-3* 6-8* 
41 0-1-4 3 7-1* 9-6* 
41 -117 0-1-3 3 10-5* 
Results marked with an asterisk were obtained with compensated feed-back. Thelast column | ih 
is calculated on the assumption that the temperature coefficient (Q,») of the rate constant is 3. 4 
v=0 
mA./em.? mmho/cm.? q 
B V=+28mv. | B V=+28 mV. 
| 
; 
q 
q 
V,=-29 mV V.=—-29 mV. q 
mV. V=-57 mV 
0 1 2 3msec. 0 1 2 3 msec. 
_Membrane current | Sodium conductance 


Fig. 8. A-F, time course of membrane current associated with change in membrane potential 
shown at top of figure. «-{; time course of sodium conductance obtained by dividing A-F 
by V+100 mV. Axon 31; temperature 4° C.; uncompensated feed-back. 
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because the contribution of potassium ions soon becomes important at large 
depolarizations.) The whole family of curves suggests that the conductance 
reached at any depolarization depends on the balance of two processes occur- 
ring at rates which vary in opposite directions with membrane potential. 

The observation that the rate constant increases with membrane potential 
does not depend on the details of the method used to estimate sodium con- 
ductance, for the tracings of current in the left-hand column of Fig. 8 show 
exactly the same phenomenon. Similar results were obtained in all the experi- 
ments of this type, and are plotted against V, in Fig. 9. It will be seen that 
there is good agreement between different experiments, and that a tenfold 
increase of rate constant occurs between V,= —20 and +50 mV. 
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xX 3 —100mV. 
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0 
—40 -30-20-10 0 10 20 30 40 SO 60mV. 
Vz 
Fig. 9. Relation between rate constant determining decline of sodium conductance and potential 
to which membrane is repolarized. Abscissa: membrane potential during second step (V;). 
Ordinate: relative value of rate constant. 


Errors due to the series resistance 

_ Most of the experiments in this paper were obtained with uncompensated feed-back and must 
therefore have been somewhat affected by the small resistance in series with the membrane 
(Hodgkin et al. 1952). The linearity of the relation between current and voltage illustrated by Figs. 6 
and 7 can clearly stand, for the effect of a series resistance would simply be to change the slope of 
the straight line and not to introduce any curvature. From our estimates of the value of the series 
resistance it can be shown that the true slopes in these two figures should be 7 and 30% greater 
than those shown. A more serious error is introduced in the measurement of the rate constant. 
_ In Fig. 8 the total current at the beginning of the record was about 0-5 mA./om.*. This means that 
the true membrane potential was not zero but about -4 mV. At this potential the rate of return 
of membrane conductance would be slowed by about 8%. In some of the experiments used in 
compiling Table 1 this error may be as great as 50%. However, it should be small in axons 32 and 
41 which were examined with compensated feed-back. We are also uncertain about the extent to 
' which the rate of return of sodium conductance can be regarded as exponential. Axon 41, which 
was in excellent condition and was examined with compensated feed-back, showed clear depar- 
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tures from exponential behaviour in that the initial fall of conductance was too rapid (see Figs. 2 
and 5). In all other experiments the curves of current against time were reasonably close to 
exponentials, but in many cases this may have been due to an error introduced by the series 
resistance. 


Errors due to polarization effects 

If the membrane was maintained in the depolarized condition for long periods of time the 
outward current declined as a result of a ‘polarization effect’ (Hodgkin et al. 1952). At the end 
of such a pulse a phase of inward current was observed and was found to be roughly proportional 
to the amount of ‘polarization’. This was quite distinct from the inward current described in the 
preceding sections, since it only appeared with long pulses and was unaffected by removing 
external sodium. With the possible exception of Fig. 2G, the results described in the preceding 
always kept short. 


The time course of the sodium conductance during a maintained depolarization 
In a previous paper we showed that the time course of the sodium conduc- 
tance could be obtained from records of membrane current in solutions of 


different sodium concentration (Hodgkin & Huxley, 1952). An alternative 
method of calculating these curves is illustrated by Fig. 10. The method 


Fig. 10. A, time course of ionic currents associated with depolarizations of 32 mV. lasting from 
¢=0,to times indicated by vertical strokes on tracings. Nerve in sea water. B, time course of 
sodium conductance. The circles were obtained by dividing the peak currents in A by 112 mV. 
and the continuous curve from the difference between the continuous curve in A and a similar 
curve in choline sea water (see text and legend to Fig. 4). C, same as A but employing 
depolarization of 51 mV. D, sodium conductance obtained from C by similar methods to 
those used for B. (The smooth curve is the same as that shown in Fig. 4.) Axon 17; 
temperature 6° C.; in sea water= 112 mV.; uncompensated feed-back. 


a depends on the fact that the inward current immediately after a pulse is 


proportional to the sodium conductance at the end of tue preceding depolariza- 

tion. The variation of inward current with pulse duration is illustrated by the 

tracings in Fig. 10.4. The time course of the sodium conductance can be 

measured by determining the maximum ionic current associated with — 
PH. OXVI. 
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ization and dividing this quantity by the difference between the resting poten- 

tial and the sodium potential (about —112 mV. in this experiment). A series 
of points obtained by this method is shown in Fig. 10B. These may be com- 
pared with the smooth curve, which represents sodium conductance obtained 
by the method described in the preceding paper (subtraction of ionic current 
in choline from that in sea water). Good agreement was obtained, and also 
when other depolarizations were employed, for example C and D at —51 mV. 

The only occasions on which the two methods did not agree were those in 
which the sodium conductance was measured at long times, with a large 
depolarization. In these experiments the subtraction method sometimes gave 
an apparent negative conductance which we regarded as an error due to slight 
differences between the potassium currents in the two records. This conclusion 
was confirmed by the fact that the alternative method never showed a 
‘negative conductance’ but only a residual positive conductance. 


The instantaneous relation between potassium current and membrane potential 

In a previous paper (Hodgkin & Huxley, 1952) we gave reasons for thinking 
that potassium ions were largely responsible for carrying the maintained out- 
ward current associated with prolonged depolarization of the membrane. In 
order to investigate the instantaneous relation between potassium current and 
membrane potential it is necessary to employ depolarizations lasting for much 
longer periods than those used to study sodium current. Polarization effects 
made. such experiments difficult at 5° C., but errors from this cause could be 
greatly reduced by working at 20°C. In this case the polarization effect 
occurred at the same rate but the potassium conductance rose in about one- 
fifth of the time required at 5° C. 

A typical experiment with a nerve in choline sea water is illustrated by 
Fig. 11. Its general object is to measure the ionic currents associated with 
repolarization of the membrane when the potassium conductance is much 
greater than the sodium conductance. The amplitude of the first step was 
— 84 mV. and its duration 0-63 msec., which is equivalent to about 4 msec. at 
5° C. Under these conditions 90-95 % of the outward current should be potas- 
sium current and only 5-10% should be sodium current (see Fig. 10 for an 
— indication of the rate of fall of sodium conductance from its initial maximum). 
After the pulse, sodium current should be — since the nerve was in 
choline sea water (see Fig. 3), 

The simplest record in Fig. 11 is Z, in which the membrane potential was 
restored to its resting value at the end of the first step. The sequence of events 
was as follows. At t=0 the membrane was depolarized by 84 mV. and was 
held at this level until t=0-63 msec, The current was outward during the 
whole period and consisted of a hump of sodium current followed —— 
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potassium current which reached 1-83 mA./om.? at t=0-63 msec. At this 
moment the membrane potential was restored to its resting value. The sudden 
increase in potential was associated with a brief capacity current in an inward 
direction. This was followed by an outward current which declined exponen- 
tially to zero. A record at higher amplification (e) shows this ‘tail’ of out- 


ward current more clearly. The dots give the ionic current extrapolated to 


+28 mV. +28 mV. 


A 
6 \ +21 mv. 
\ +14 mV, +14 mV, 


F 
\ ~28 mV. 
G “56 mV 


0 063 msec. 0 063 msec. 

to value shown on each record. The duration of the first step was 0-63 msec. The second step 

lasted longer than these records. A to G, records at low amplification showing current during 

both steps. a-e, records at higher amplification showing only the current during the second 

step. The dots give the ionic current after correcting for capacity current. Axon 26 in choline 
sea water; temperature 20° C.; uncompensated feed-back. 


t=0-63 msec. after correcting for the residual effect of the capacitative surge. 
The ‘tail’ of outward current can be explained by supposing that the equili- 
brium potential for potassium is about 12mV. greater than the resting 
potential in choline sea water, and that the instantaneous value of the potas- 
sium conductance (g,) is independent of V. At ¢=0-63 msec. the current is 
1:83 mA,/om.* when V = —84 mV., or 0-22 mA./cm.* when V=0. Taking the 
potassium potential (V,,) as +12 mV. and neglecting the contribution of 
chloride and other ions it follows that the potassium conductance (9) was 
approximately the same in the two cases, Thus 


9x=1_/(V—-V x); @) 
31—2 
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so that 


As soon as the membrane potential i is reitoted to its resting vals the potas- 
sium conductance reverts exponentially to its resting level and therefore gives 
the tail of current seen in F ande. If this explanation is right, the exponential 
tail of current should disappear at V=V, and should be reversed in sign 
when V>V,. Records a to d show that the current is inward for V > 21 mV. 
and is outward for V<7 mV. There is practically no inward current at 
V=14 mV. and 1341 mV. would seem to be a reasonable estimate of V,. 

This method of measuring the potassium potential depends on the assump- 
tion that potassium ions are the only charged particles responsible for the 
component of the current which varies with time after the end of the pulse. 
It is not affected by the fact that chloride and other ions may carry appreciable 
quantities of current, provided that the resistance to the motion of these ions 
is constant at any given value of membrane potential. The magnitude of the 
‘leak’ due to chloride and other ions may be estimatéd from the current needed 
to maintain the membrane at the potassium potential. In the experiment 
illustrated by Fig. 11 this current was about 0-008 mA./cm.? which is small 
compared with the maximum potassium current at V=0 or V = +28 mV. 

Fig. 12 was prepared from the records in Fig. 11 by essentially the same 
method as that used in studying the instantaneous relation between sodium 
current and membrane potential. Curve « gives the relation between current 
and voltage 0-63 msec. after the application of a single step of amplitude V,. 
In curve A, V, was fixed at —84 mV. and the potential was changed suddenly 
to a new level V,. The abscissa is V,, while the ordinate is the ionic current 
immediately after the sudden change. The experimental points in A are seen 
to fall very close to a straight line which crosses curve « at the potassium 
potential (+13 mV.). In this experiment no measurements were made with 
V,.< V, but records obtained with other fibres showed that the instantaneous 
currant relation was linear for V,< V, as well as for V.> Vj. 

In the experiment considered in the previous paragraphs the initial rise of 
potassium current was obscured by sodium current and the plateau was not 
reached because the pulse was kept short in order to reduce possible errors 
from the ‘polarization effect’. A clearer picture of the sequence of events is 
provided by Fig. 13. In this experiment the amplitude of the pulse was 
—25 mV. and its duration nearly 5 msec. The polarization effect was not 
appreciable since the current density was relatively small. Sodium current 
was also small since the nerve was in-choline sea water, and the depolarization 
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Fig. 13. A, ionic current associated with depolarization of 25 mV. lasting 4-9 msec. Axon 18 in 
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+-—10 


instantaneous current-voltage relation determined by changing membrane potential in 
two steps. The first step had a constant amplitude of - 84 mV. and a constant duration 
of 0-63 msec. The abscissa (V,) gives the amplitude of the second step in millivolts, The 
ordinate (I,) is the ionic current density at the beginning of the second step. The dots 
are observed currents. Hollow circles are these currents multiplied by factors which equalize 
the currents at the end of the first step. Curve « and crosses, relation between current and 
membrane potential at 0-63 msec. after beginning of single step of amplitude V,. Experi- 
mental details are as in Fig. 11. 3 , 


V=-25 mV. v=0 


8 msec. 


choline sea water at a temperature of 21°C. The curve is a direct replot of the original 
current record except in the regions 0-0-3 msec. and 4-9-5-2 msec., where corrections 
for capacity current were made by the usual method. Outward current shown upward. 
B, potassium conductance estimated from A by the equation gg =1,/(V - Vx), where V_ is 
(V+4mV.). 
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was less than that at which a hump of outward sodium current first became | 


appreciable. On the other hand, it was desirable to make a small correction 
for the leakage current due to ions other than sodium and potassium. The 
method of estimating this current at different voltages is indicated on p. 494. 
The experiment shows that whereas the potassium conductance rises with 
a marked delay it falls along an exponential type of curve which has no in- 
flexion corresponding to that on the rising phase. This difference was present 
in all records except, possibly, those with very small depolarizations. It was 
also present in the curves calculated for the rise and fall of sodium conductance 
(e.g. Figs. 4, 5 and 8). 


The rate constant determining the decline of potassium conductance — 

The experiments described in the preceding sections indicate that the potas- 
sium conductance returns to a low level when the membrane is repolarized 
to its resting value. The restoration of the condition of low conductance leads 
to a ‘tail’ of potassium current which can be fitted with reasonable accuracy 
by a curve of the form exp(—bxt). Table 2 gives the values of the rate — 
constant (b;) determined by this method. It shows that by varies markedly 
with temperature and also to some extent with the amplitude of the step used 
to depolarize the axon. The second effect was particularly noticeable in axon | 
which was in poor condition and had a high potassium conductance in the 
resting state. 

The effect of repolarizing the membrane to different levels is shown in 
Fig. 14. For V,>—20mV. the rate constant increased with membrane 
potential but the relation is less steep than in the corresponding curve for 
sodium conductance (Fig. 9). Thus, changing V, from 0 to +40 mV. increases 
by, about 3-2-fold and 6b, about 1-6-fold. Another important difference 
between the two processes is that ee ee at the 
resting potential. 


The potassium potential | 

Table 3 summarizes a number of measurements of the bare ae at which 
potassium current reverses its direction. At 22°C. the apparent potassium 
potential is about 19 mV. higher than the resting potential if the axon is in sea 
water and about 13 mV. higher if it is in choline sea water. Corresponding 
figures at 6-11° C. are 13 mV. in sea water and 8 mV. in choline sea water. 
Since the resting potential is about 4 mV. higher in choline sea water (Hodgkin 
& Huxley, 1952) it seems likely that the absolute value of the potassium 
potential is unaffected by substituting choline for sodium ions. At 20° C. 
the absolute value of the potassium potential would be 80-85 mV. if the 
resting potential is taken as 60-65 mV. (Hodgkin & Huxley, 1952). This is 
a equal to the potential of 91 mV. estimated from chemical analyses 
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(Hodgkin, 1951). A similar conclusion applies to the results at 6-11° C. 
In squid fibres, cooling from 20 to 8° C. either has no effect or increases the 
resting potential by 1 or 2 mV. (Hodgkin & Katz, 1949). The observed 


TaBLE 2. Rate constant determining decline of potassium conductance following 


_ repolarization to resting potential 
: Rate Average rate 
Depolari- Rate constant constant 
; zation Tem constant at 6° C. at 6° C. 
Axon (mV.) C.) (msec,~*) (msec.-*) (msec.~*) 
fl 6 23 1-2 0-14 ‘ 
1 13 23 13 0-15 
1 21 23 13 0-16 
15 13 ll 0-36 0-19 
15 20 ll 0-35 0-19 
17 10 6 0-20 0-20 
18 13 22 
1-6 0-22 
Ay 20 21 6 0-17 on 
21 14 7 0-19 0-16 
38* 10 5 0-12 0-13 
39* 20 19 1-0 0-20 
39* 1 19 0-83 0-16 
39* 10 3 0-10 0-15 
re | 20 4 0-10 0-12 
41* 10 4 0-11 0-14 | 
1 36 23 1-5 
l 23 1-8 0-22 
18 50 22 2-0 0-27 
Bi18 63 22 1-7 023 
18 112 22 1-8 0-24 
27 28 21 1-4 0-22 
28 28 21 | 13 0-20. 3 
15 13 ll 0-49 0-26 
17 10 6 0-21 0-21 
Cc 418 6 22 146 0-21 0-23 
18 13 22 ee 0-23 
18 19 22 1-9 0-25 
18 25 22 2-0 0:27 
18 50 22 2-1 0-28 
18 63 22 2-1 0-28 
D < 23 84 21 1-8 0-28 0-28 
24 84 20 2-0 0-35 
26 84 20 1-8 0-30 
27 28 21 1-3 0-1 


Groups A and B in sea water; C and D in choline sea water. Groups A and C: depolarization 
less than 25 mV.; B and D: depolarization greater than 25 mV. An asterisk denotes the use of 
compensated feed-back. Rate constants at 6° C. are calculated for a Q,» of 3-5, which was found 
suitable for groups A and C. 


potassium potential should therefore be taken as 75-80 mV. while the 
theoretical potassium potential would be reduced from 91 to 87 mV. 


The effect of changing the external concentration of potassium on the potassvum 


Experimental determinations of Vz such as that illustrated by Fig. 11 were 
made in choline solutions containing different concentrations of potassium. 
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r 
Axon V,(mV.) 
—84 
24 
28-28 
2b | 
oO | 
the 


-40 -30 -20 -10 0 10 20 3 4 SOmv. 
conductance. Abscissa (V,): membrane potential during second step. Ordinate: relative 
value of rate constant. 


Taiz 3. Apparent values of potassium potential 


Potassium 
tial 
us resting 
Temperature potential A 
Axon Medium (°C.) (mV.) | (nv) 
1 8 23 18 oo 
28 8 21 19 
15 8 11 14 
20 8 6 | 11 
21 8 8 9 
18 C 22 12 
23 C 
24 Cc 20 7 13 
26 C 20 13 
27 C 21 15 
28 Cc 21 16 
15 ll 8 
17 C 6 7 8 
20 0-7C:0-38 6 8 
21 0-:9C:0-18 8 10 


8 denotes sea water; C choline sea water. In axons 23-28 the potassium potential was found by 
the method illustrated by Fig. 12. In other cases it was taken as the potential at which the steady 
state current-voltage curve intersects the line joining the potassium currents before and after 
repolarization to the resting potential (e.g. line A and curve « intersect at 13 mV. in Fig. 12). 
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TABLE 4. ee the apparent value of the potassium potential 


Change in, potential at which membrane pena 


if 


resting at which I, is zero 

Axon Medium (mV) nV. y 
27 A (3K) +2 +6 +8 q 
27 (2K) -3 -6 -9 
28 B (2K) -3 =F -10 
28 C (6K) -13 ~9 


Changes are given relative to the mean potentials observed in a 1K choline ses water before and 
after application of the test solution. The 1K choline sea water was identical with that described 
by Hodgkin & Huxley (1952) and contained choline at a concentration of 484 and potassium 
at 10 g-ions/kg. H,O. The test solutions A, B, C and D were similar but contained potassium at 
concentrations of 5, 10, 20, 50 g.ions/kg. 
choline, Potentials are given as ‘outside potential’ minus ‘inside potential’. 


It was not possible to use a wide range of potassium concentrations, since 
squid axons tend to undergo irreversible changes if left in solutions con- 
taining high concentrations of potassium for any length of time. The results 
obtained with the two axons studied by this method are given in Table 4. They 
show that the potassium potential (Z,) is sensitive to the external concentra- 
tion of potassium but that it changes by only about half the amount calculated 
for a concentration cell. Thus solutions A, B, C should give changes of +17, 
—17 and —41 mV. if Ey obeyed the ordinary equation for a concentration 
cell. 


One possibl lanation of this result is that potassium ions are not the only charged particles 
responsible for the delayed rise in conductance associated with depolarization (delayed rectifica- 
tion). Thus the discrepancy would be explained if choline or sodium, which are present in relatively 
high concentrations in the external solution, take part in the process with an affinity only 5% of 
that of potassium. This explanation might be consistent with the evidence which suggests that 
potassium ions are responsible for carrying most of the outward current through a depolarized 
membrane. For the concentration of potassium inside a fibre is about 10 times greater than that 
of sodium and the internal concentration of choline is almost certainly negligible. The participa- 
tion of chloride ions in the process responsible for delayed rectification can probably be eliminated 
since one experiment showed that replacing all the choline chloride and two-thirds of the mag- 
nesium chloride in the choline sea water by dextrose gave an apparent increase of 3 mV. in the 
‘potassium potential’. The magnitude of the change was less certain in this experiment, since the 
solution employed gave a junction potential of 5-7 mV. which had to be allowed for in estimating 
the shift in resting potential. But it was clear that any change in Z, was small compared with the 
reduction of 45 mV. expected on the hypothesis that delayed rectification is entirely due to 
chloride ions. 

Another way of accounting for the relatively small changes seen in Table 4 is to suppose that 
the potassium concentration in the immediate vicinity of the surface membrane is not the same 
as that in the external solution. Isolated cephalopod axons leak potassium ions at a fairly high 
rate and these must diffuse through layers of connective tissue and other structures between the 
excitable membrane and the external solution. This leakage is likely to increase in potassium- 
deficient solutions and to decrease in potassium-rich solutions. Hence the changes in effective 
potassium concentration might be less than those in Table 4. A related possibility is that the 
potassium concentration may be raised locally by the large outward currents used in these 
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experiments. This hypothesis is of interest since it might acoount for the slow polarization effect — 


which is not otherwise explained except in terms of a complicated polarization process at the 
internal electrode. In a former paper (Hodgkin et al. 1952) we obtained evidence of an external 
layer with a resistance of about 3 Q.cm.*, The transient change in potassium concentration due 


to current cannot be calculated without knowing the thickness of this layer. The steady change - 


due to leakage might be large enough to explain the deviations in Table 4, if the leakage of potas. 
sium had been several times greater than that found by Steinbach & Spiegelman (1943). 

It may be asked why effects similar to those discussed in the preceding paragraph do not upset 
the relation between the external sodium concentration and V,,. The answer, probably, is that 
similar effects are present but that they are small because the sodium concentration in sea water 


is 45 times greater than that of potassium. Changes in concentration due to current would also be — 


smaller in the case of sodium because the sodium currents are of relatively short duration. 
The contribution of ions other than sodium and potassium | 

The experimental results described in this series of papers point to the existence of special 
mechanisms which allow first sodium and then potassium to cross the membrane at a high rate 
when it is depolarized. In addition it is likely that charge can be carried through the membrane 
by other means. Steinbach’s (1941) experiments suggest that chloride ions can cross the mem- 
brane and there is probably a small leakage of sodium, potassium and choline through cut branches 


Tastx 5. Tentative values of leakage conductance and ‘equilibrium’ potential for leakage current. 
Five nerves in choline sea water at 6-22° C. 


Leakage conductance (g,) (m.mho/cm.*) woe 0-13 to 0-50 
ce m om.’ : to 
Equilibrium potential age current (V,;)(mV.) -4to -22 
Resting potassium conductance (7), (m jom.*) 0-23 0-12 to 0-39 
Equilibrium potential for potassium (Vx) +10 +7 to +13 


or through parts of the membrane other than those concerned with the selective system. All these 
minor currents may be thought of as contributing towards a leakage current (J;) which has 
a conductance (g,) and an apparent equilibrium potential (V;) at which J; is zero. In this leakage 
_ current we should probably also include ions transferred by metabolism against concentration 
gradients. So many processes may contribute towards a leakage current that measurement of its 
properties is unlikely to give useful information about the nature of the charged particles on which 
it depends. Nevertheless, a knowledge of the approximate magnitude of g, and V, is important 
since it is needed for any calculation of threshold or electrical stability. Various methods of 
measurement were tried but only the simplest will be considered since the orders of magnitude of 
g, and V, were unaffected by the precise method employed. In the experiment of Fig. 11 the 
steady current needed to maintain the membrane at the potassium potential (+13 mV.) was 
i 8 »A./om.*. According to our definitions this inward current must have been almost entirely 
leakage current, for the nerve was in choline sea water and J, =0 when V=V,. Hence 
(13 mV. V;) g,=8 wA./om.*. 

In order to estimate g, we make use of the fact that the inward current associated with V = +84 mV. 
was not appreciably affected by a fourfold change of potassium concentration (from 5 to 20 mM.). 
We therefore assume that the potassium conductance was reduced to a negligible value at this 
membrane potential and that the inward current of 24 »A./cm.* was entirely leakage current. 
Hence (84 mV. V;) g,=24 pA./om.*. 

value of ~22 mV. for V; and one of 0-23 m.mho/om.’ for 9;. 
An estima resting value of g, may also i i 
Vigrt 


_ Hence (9x)p=0-39 m.mho/cm.?. 
Tentative values obtained by this type of method are given in Table 5. 
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DISCUSSION 

At this stage all that will be attempted by way of a discussion is » brief 
comparison of the processes underlying the changes in sodium and potassium 
conductance. The main points of resemblance are: (1) both sodium and potas- 
sium conductances rise along an inflected curve when the membrane is 
depolarized and fall without any appreciable inflexion when the membrane is 
repolarized; (2) the rate of rise of conductance increases continuously as the 
membrane potential is reduced whereas the rate of fall associated with 
repolarization increases continuously as the membrane potential is raised; 
(3) the rates at which the conductances rise or fall have high temperature 
coefficients whereas the absolute values attained depend only slightly on 
temperature; (4) the instantaneous relation between sodium or potassium 
current and membrane potential normally consists of a straight line with zero 
current at the sodium or potassium potential. 

The main differences are: (1) the rise and fall of sodium conductance occurs 
10-30 times faster than the corresponding rates for potassium; (2) the varia- 
tion of peak conductance with membrane potential is greater for sodium than 
for potassium ; (3) if the axon is held in the depolarized condition the potas- 
sium conductance is maintained but the sodium conductance declines to a low 
level after reaching its peak. 


SUMMARY 

1. Repolarization of the giant axon of Loligo during the period of high 
sodium permeability is associated with a large inward current which declines 
rapidly along an approximately exponential curve. 

2. The ‘tail’ of inward current disappears if sodium ions are removed from 
the external medium. 

3. These results are explained quantitatively by supposing that the sodium 
conductance is a continuous function of time which rises when the membrane 
is depolarized and falls when it is repolarized. 


4. For nerves in sea water the instantaneous relation between sodium cur- 


rent and membrane potential is a straight line passing through zero current 
about 110 mV. below the resting potential. 

5. The rate at which sodium conductance is reduced when the fibre is 
repolarized increases markedly with membrane potential. 

6. The time course of the sodium conductance during a voltage clamp can 
be calculated from the variation of the ‘tail’ of inward current with the duration 


of depolarization. The curves obtained by this method. agree with those 


described in previous paper. 
7. Repolarization of the membrane during the period of high potassium 
permeability is associated with a ‘tail’ of current which is outward at the 
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resting potential and inward above a critical potential about 10-20 mV. above 


the resting potential. 
8. The instantaneous relation between potassium current and membrane 


potential is a straight line passing through zero at 10-20 mV. vrs 
potential, . 

9, These results suggest that the potassium siiaiaiite’ is @ continuous 
function of time which rises when the nerve is depolarized and falls when it is 
repolarized. 

10. The rate at which the potassium conductance is reduced on repolariza. 
tion increases with membrane potential. 

11. The critical potential at which the ‘potassium current’ appears to 
reverse in sign varies with external potassium concentration but less steeply 
than the theoretical potential of a potassium electrode. | 
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THE DUAL EFFECT OF MEMBRANE POTENTIAL. 7 
ON SODIUM CONDUCTANCE IN THE GIANT 
AXON OF LOLIGO 


| By A. L. HODGKIN ann A. F. HUXLEY 
From the Laboratory of the Marine Biological Association, Plymouth, 
and the Physiological Laboratory, University of Cambridge 


(Received 24 October 1951) 


This paper contains a further account of the electrical properties of the giant 
axon of Loligo. It deals with the ‘inactivation’ process which gradually 
reduces sodium permeability after it has undergone the initial rise associated 
with depolarization. Experiments described previously (Hodgkin & Huxley, 
1952a, 6) show that the sodium conductance always declines from its initial 
maximum, but they leave a number of important points unresolved. Thus 
they give no information about the rate at which repolarization restores the 
ability of the membrane to respond with its characteristic increase of sodium 
conductance. Nor do they provide much quantitative evidence about the 
influence of membrane potential on the process responsible for inactivation. — 
These are the main problems with which this paper is concerned. The experi- 
mental method needs no special description, since it was essentially the same 
as that used (Hodgkin, & Katz, Hodgkin & Huxley, 
1952 b). 
RESULTS 


The influence of a small change i in membrane potential ¢ on the ability of the 
membrane to undergo its increase in sodium permeability is illustrated by 
Fig. 1. In this experiment the membrane potential was changed in two steps. 
The amplitude of the first step was —8 mV. and its duration varied between 
0 and 50 msec. This step will be called the conditioning voltage (V,). It was 
followed by a second step called the test voltage (V.) which was kept at a con- 
stant amplitude of —44 mV. 

Record A gives the current observed with the test voltage alone. B—F show 
the effect of preceding this by a conditioning pulse of varying duration. 
Although the depolarization of 8 mV. was not associated with any appreciable 
inward current it greatly altered the subsequent response of the nerve. Thus, 
if the conditioning voltage lasted ee than 20 msec., it reduced the inward 
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current during the test pulse by about 40%. At intermediate durations the 
inward current decreased along a smooth exponential curve with a time con- 
stant of about 7 msec. The outward current, on the other hand, evidently 
behaved in a different manner; for it may be seen to approach a final level 
which was independent of the duration of the conditioning step. This is 
consistent with the observation that depolarization is associated with a main- 
tained increase in potassium conductance (Hodgkin & Huxley, 1952a). 
Membrane potential . Membrane current 


msec, msec. 

Fig. 1.' Development of ‘inactivation’ during constant depolarization of 8mV. Left-hand 
column: time course of membrane potential (the numbers show the displacement of the 
membrane potential from its resting value in mV.). Right-hand column: time course of 
membrane current density. Inward current is shown as an upward deflexion. (The vertical 
lines show the ‘sodium current’ expected in the absence of a conditioning step; they vary 
between 1-03 mA./om.* in A and 0-87 mA./cm.* in G), Axon 38; compensated feed-back ; 
temperature 5° C. 

Fig. 2 illustrates the converse process of raising the membrane potential 
before applying the test pulse. In this case the conditioning voltage improved 
the state of the nerve for the inward current increased by about 70% if the 
first step lasted longer than 15 msec. This finding is not altogether surprising, 
for the resting potential of isolated squid axons is less than that of other 
excitable cells (Hodgkin, 1951) and is probably lower than that in the living 

A convenient way of expressing these results is to plot the amplitude of the 
sodium current during the test pulse against the duration of the conditioning 
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pulse. For this purpose we used the simple method of measurement illustrated 


by Fig. 3 (inset). This procedure avoids the error introduced by variations of 
potassium conductance during the first step and should give reasonable results 
for V> —15 mV. With larger depolarizations both the method of measure- 


_ ment and the interpretation of the results become somewhat doubtful, since 


there may be appreciable sodium current during the conditioning period. Two 
Membrane potential Membrane current 


G 
0 10 20 30 4050 0 10 20 30 40 
msec. msec. 


Fig. 2. Removal of ‘inactivation’ at membrane potential of +31 mV. Experimental details are 
as in Fig. 1. The vertical lines show the ‘sodium current’ with no conditioning step; they 
vary between 0-82 mA./cm.* in A and 0°75 mA./om.? in G. 


of the curves in Fig. 3 were obtained from the families of records illustrated in 
Figs. 1 and 2. The other two were determined from similar families obtained 
on the same axon. All four curves show that inactivation developed or was 
removed in an approximately exponential manner with a time constant which 
varied with membrane potential and had a maximum near V =0. They also 
indicate that inactivation tended to a definite steady level at any particular 
membrane potential. Values of the exponential time-constant (7,) of the 
inactivation process are given in Table 1. 

The influence of membrane potential on the steady level of inactivation is 
illustrated by the records in Fig. 4. In this experiment the conditioning step 
lasted long enough to allow inactivation to attain its final level at all voltages. 
Its amplitude was varied between +46 and —29 mV., while that of the test 
step was again kept constant at —44 mV. The effect of a small progressive 
change was allowed for in calculating the vertical lines on each record. These 
give the inward current expected in the absence of a conditioning step and 
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| 
0 5 10 via 25 msec. 
Fig. 3. Time course of inactivation at four different membrane potentials. Abscissa: duration of 
conditioning step. Ordinate: circles, sodium current (measured as inset) relative to normal 


sodium current; smooth curve, y= — (Ya — 1) exp ( — #/7,), where y,. is the ordinate at ¢ = 0 
and 7, is the time constant (shown by arrows). Experimental details as in Figs. 1 and 2. 


Membrane potential Membrane current 


0 10 20 30 40 SOmsec, 0 10 20 30 40 SO msec. 
Fig. 4, Influence of membrane potential on ‘inactivation’ in the steady state. Experimental 
details are as in Fig. 1. 
they vary between 0-74 mA./cm.* in A and 0-70 mA./om.? in I. 
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were obtained by interpolating between records made with the test step alone. 
The conditioning voltage clearly had a marked influence on the inward current 
during the second step, for the amplitude of the sodium current varied between 
1-3 mA./em.* with V, = +46 mV. and about 0-03 mA./cm.? with V,= —29 mV. 

The quantitative relation between the sodium current during the test pulse 
and the membrane potential during the conditioning period is given in Fig. 5. 
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—50 —40 —30 —20 —10 10 20 30 40 SO mv. 

Fig. 5. Influence of membrane potential on ‘inactivation’ in the steady state. Abscissa: displace- 
ment of membrane potential from its resting value during conditioning step. Ordinate: 
circles, sodium current during test step relative to sodium current in unconditioned test step 
(left-hand scale) or relative to maximum sodium current (right-hand scale). The smooth 
curve was drawn according to equation 1 with a value of - 2-5 mV. for V,. This graph is 
based on the records illustrated in Fig. 4. Sodium currents were determined in the manner — 
shown in Fig. 3. 


This shows that the two variables are related by a smooth symmetrical curve 
which has a definite limiting value at large membrane potentials. In discussing 
this curve it is convenient to adopt the following nomenclature. We shall 
denote the ability of the nerve to undergo a change in sodium permeability 
by a variable, h, which covers a range from 0 to 1 and is proportional to the 
ordinate in Fig. 5. In these terms (1—hA) is a measure of inactivation, while 
h is the fraction of the sodium-carrying system which is not inactivated and is 
therefore rapidly available for carrying sodium ions when the membrane is 
depolarized. If these definitions are adopted we may say that inactivation is 
almost complete when V < —20 mV. and is almost absent when V >30 mV. 
At the resting potential h is about 0-6 which implies that inactivation is 40% 
complete. 
The smooth curve in Fig. 5 was calculated from the equation 


1 


PH, OXVI. 32 


. J 
io 
4 
an 4 
er ¢ 
4 
a 
¥ 
4 
aa 
\ 
ig 
‘2 
a 
me 
7) 
< 
\ a 
| 
‘4 
4 
+, a 
steady state Lex ? 
h 
| aa 
4g 


502 A, L. HODGKIN AND A, F. HUXLEY 


where V is expressed in millivolts and V, is the value of V at which h=} in 
_ the steady state. The same equation gave a satisfactory fit in all experiments 
but there was some variation in the value of V,,. Five experiments with three 
fresh fibres gave resting values of h between 0-565 and 0-62. In these cases V, 
varied between —1-5 and —3-5mV. On the other hand, two experiments 
with a fibre which had been used for some time gave a resting h of only about 
0-25; V, was then +7-5 mV. Since the resting potential was found to decline 
by 10-15 mV, during the course of a long experiment it is reasonable to suppose 
that the change in V, arose solely from this cause and that the relation between 
h and the absolute membrane potential was independent of the condition of 
the fibre. 

In a former paper we examined the relation between the concentration of 
sodium ions in the external medium and the sodium current through the 
membrane (Hodgkin & Huxley, 1952a). The results were reasonably close to 
those predicted by the ‘independence principle’ except that the currents were 
20-60% too large in the sodium-deficient solutions. This effect was attributed 
to the small increase in resting potential associated with the substitution of 
choline ions for sodium ions. This explanation now seems very reasonable. The 
resting potential probably increased by about 4 mV. in choline sea water and 
this would raise h from 0-6 to 0-73 in a fresh fibre and from 0-25 to 0-37 in a 
fibre which had been used for some time. 

The quantitative results obtained in this series of experiments are summarized 
in Table 1. Most of the experiments were made at 3-7° C. but a temperature 
of 19° C. was used on one occasion. The results suggest that temperature has 
little effect on the equilibrium relation between h and V, but greatly alters the 
rate at which this equilibrium is attained. The Q,, of the rate constants cannot 
be stated with certainty but is clearly of the order of 3. 


Two-pulse experiment 

This section deals with a single experiment which gave an independent 
measurement of the time constant of inactivation. 

Two pulses of amplitude —44 mV. and duration 1-8 msec. were applied to 
the membrane. Fig. 6A is a record obtained with the second pulse alone. The 
ionic current was inward and reached a maximum of about 0-25 mA./cm.®. As 
in all other records, the inward current was not maintained but declined as 
a result of inactivation. Restoration of the normal membrane potential was 
associated with a tail of inward current due to the rapid fall of sodium 
conductance (see Hodgkin & Huxley, 19526). When two pulses were applied 
in quick succession the effect of the first was similar to that in A, but the 
inward current during the second was reduced to about one half (record B). 
A gradual recovery to the normal level is shown in records C-@. 

The curve in Fig. 7 was obtained by estimating sodium current in the manner 
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Temper- 
ature 
Axon §(°C.) 
38 5 
39 19 
3 
38 5 
39 19 
39T 3 
37 3 
38 5 
39 19 
39T 
37 3 
38 6 
39 6 
39T 6 
37 6 


Axon 31 at 45°C. 1,=1-8msec.at V=-44mV. 1,=12 msec. at V=0 
Axon 31 at 6° C. 7,$=1-5 msec. at V=-44mV. 7,$=10 msec. at V=0 


* Measurements made by methods illustrated in Figs. 4 and 5. 
t for Wes poor condition when these measurements 


Methods illustrated in Figs. 1-3. : 


the which toptdly available, (1 - h) is the fraction inacti- 
7, determines the rate at which 4 approaches its steady state. 


‘Fig. 6. Memb 


Taiz 1. Experiments with conditioning voltage 


Displacement of membrane potential (mV.) 

Variable -20 -22 -14 -8 -7 0 9 16 31 46 
h* (steady 0-02 004 0-17 — 087 0-59 0-82 004 099 1-00 
state) 002 0-04 009 — 028 055 0-88 0-04 0-98 0-09 
0-01 0-03 004 — O11 0:26 0-50 0-60 0-98 0-99 

ht (steady 002 — — 048 — 058 — 092 099 — 
) 3 —- — 040 — O81 — 08 — — 

— 004 — 034 — 055 O81 006 — — 

tat (mecs.) 15 — — 7° — (810) — 8 4 
035 — — 16 — — 18 — — 

— 8 — [s10) 9 7 — 
13 — — 6 — {7-8} — — 

Two-pulse experiment 


A is 
DF 
ae 

associated with two square waves ap in The amplitude 


of each square ‘wave was -44 mV. and the duration 1-8 mseo. Record A shows the second 
square wave alone, B-G both square waves at various intervals. Azon $1; uncompensated 
feed-back; temperature C. 
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shown in Fig. 3 and plotting this against the interval between the two pulses. 
It will be seen that recovery from inactivation took place in an approximately 
exponential manner with a time constant of about 12 msec. A similar curve 
and a similar time constant were obtained by plotting 


instead of (I 
dt / max 

This time constant is clearly of the same order as that given by the method 
using weak conditioning voltages (see Table 1). An estimate of the inactiva- 
tion time constant at — 44 mV. may be obtained by extrapolating the curve in 
Fig. 7 to zero time. This indicates that the available fraction of the sodium- 
carrying system was reduced to 0:37 at the end of a pulse of amplitude — 44 mV. 
and duration 1-8 msec. Hence the inactivation time constant at —44 mV. is 
about 1-8 msec., which is of the same order as the values obtained with large 
depolarizations by the first method (Table 1). It is also in satisfactory 
- agreement with the time constant obtained by fitting a curve to the variation 
of sodium conductance during a maintained depolarization of 40-50 mV. 
(Hodgkin & Huxley, 1952c). 


Sodium current in second pulse 


‘SR 


0 eee 20 30 msec. 
Interval 


Fig. 7. Recovery from inactivation. Abscissa: interval between end of first pulse and beginning 


of second pulse. Ordinate: sodium current in second pulse measured as shown in Fig. 3 and 


expressed as a fraction of the sodium current in an unconditioned pulse. The circles are 
experimental points derived from the records in Fig. 6, The smooth curve is drawn according 
to the expression 1-0-63 exp ( -#/r,), where 7, =12 msec. 


The two-pulse experiment is interesting because it emphasizes the difference 
between the rapid fall of sodium conductance associated with repolarization 
and the slower decline during a maintained depolarization. Both events lead 
to a decrease in sodium current, but the underlying mechanisms are clearly 
different. In the first case it must be supposed that repolarization converts 
active membrane into resting membrane; in the second that prolonged 


depolarization turns it into a refractory or inactivated condition from which 


it recovers at a relatively slow rate when the fibre is repolarized. It cannot be 
argued that repolarization reduces sodium conductance by making the active 


bi 
>. 
| 
og 
a 
om 
q 
id 
4 
¥ 
4 


MEMBRANE POTENTIAL AND SODIUM CONDUCTANCE 505 


> membrane refractory. If this were so, one would expect that the inward 
current during the second pulse would be reduced to zero at short intervals, 


instead of to 37% as in Fig. 7. The reduction to 37 % is clearly associated with 
the incomplete decline of sodium conductance during the first pulse and not 
with the rapid and complete decline due to repolarization at the end of the 
first pulse. 
DISCUSSION 

The experimental evidence in this paper and in those which precede it 
(Hodgkin & Huxley, 1952a, b) suggests that the membrane potential has two 
distinct influences on the system which allows sodium ions to flow through the 
membrane. The early effects of changes in membrane potential are a rapid 
increase in sodium conductance when the fibre is depolarized and a rapid 
decrease when it is repolarized. The late effects are a slow onset of a refractory 
or inactive condition during a maintained depolarization and a slow recovery 
following repolarization. A membrane in the refractory or inactive condition 
resembles one in the resting state in having a low sodium conductance. It 
differs in that it cannot undergo an increase in sodium conductance if the 
fibre is depolarized. The difference allows inactivation to be measured by 
methods such as those described in this paper. The results show that both the 
final level of inactivation and the rate at which this level is approached are 
greatly influenced by membrane potential. At high membrane potentials 
inactivation appears to be absent, at low membrane potentials it approaches 
completion with a time constant of about 1-5 msec. at 6° C. This conclusion is 
clearly consistent with former evidence which suggests that the sodium con- 
ductance declines to a low level with a time constant of 1-2 msec. during a 
large and maintained depolarization (Hodgkin & Huxley, 19522). Both sets 
of experiments may be summarized by stating that changes in sodium con- 
ductance are transient over a wide range of membrane potentials. 

The persistence of inactivation after a depolarization is clearly connected — 
with the existence of a refractory state and with accommodation. It is not the 
only factor concerned, since the persistence of the raised potassium conduc- 
tance will also help to hold the membrane potential at a positive value and 
will therefore tend to make the fibre inexcitable. The relative importance of 
the two processes can only be judged by numerical analysis of the type 
described in the final paper of this series (Hodgkin & Huxley, 1952c). 


SUMMARY 
1. Small changes in the membrane potential of the giant axon of Loligo are 
associated with large alterations in the ability of the surface membrane to 
undergo its characteristic increase in sodium conductance. 
2. Asteady depolarization of 10 mV. reduces the sodium current associated 
with a sudden depolarization of 45 mV. by about 60%. A steady rise of 10 mV. 
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increases the sodium current associated with subsequent depolarization by 
about 50%. 

3. These effects are described by stating that depolarization saideally 
inactivates the system which enables sodium ions to cross the membrane. _ 

4. In the steady state, inactivation appears to be almost complete if the 
membrane potential is reduced by 30 mV. and is almost absent if it is increased 
by 30 mV. Between these limits the amount of inactivation is determined by 
a smooth symmetrical curve and is about 40% complete in a resting fibre at 
the beginning of an experiment. 

5. At 6° C. the time constant of the inactivation process is about 10 msec. 
with V=0, about 1-5 msec. with V=—30 mV. and about 5. msec. at 
V=+30 mV. 
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THE EFFECT OF CALCIUM IONS ON THE MOTOR 
END-PLATE POTENTIALS 


By J. pet CASTILLO ann L. STARK 
From the Department of Physiology, University College, London 
| (Recewed 2 November 1951) 


~ Karly studies of Locke (1894) revealed that neuromuscular transmission is 


greatly affected by the ionic composition of the surrounding medium, one of 
the important factors being the amount of ionized calcium present. Later 
work has shown that calcium affects the amplitude of the end-plate potential 
(Eccles, Katz & Kuffler, 1942; Katz, 1942; Coppée, 1948, 1946; Kuffler, 1944). 
It has been suggested by Feng (1936a, b), Feng & Shen (1937) and Cowan 
(1940a, 6) that the amount of acetylcholine liberated at the motor nerve 
endings depends on the concentration of calcium ions. This hypothesis, which 
received support from the work of Harvey & MacIntosh (1940) on the cat’s 
perfused cervical sympathetic ganglion, would also explain the action of 
calcium on the end-plate potential. 

In this paper experiments are described which were performed with the 
purpose of establishing quantitative relationships between calcium concentra- 
tion and the size of the end-plate potential, and obtaining additional infor-— 
mation on the nature of this effect. 


METHOD 


End-plate potentials 
The sciatic-sartorius preparation of the frog Rana temporaria was employed. The muscle was 
placed vertically in a bath so arranged that solutions could be changed readily and the fluid level 
adjusted accurately. One electrode was placed on the uppermost pelvic end, the other dipped into 
the fluid so that the surface of the bathing solution acted as the moving electrode. The nerve was 
lifted out of the bath and kept in fixed position on the stimulating electrodes; shocks of supra- 
maximal strength were applied. 

The electrical apparatus consisted of platinum stimulating and recording electrodes, a two- 
stage condensed-coupled push-pull preamplifier, a cathode-ray oscilloscope with attached camera, 
and an electronic square-wave neater. A shielded transformer in the stimulating circuit 
reduced stimulus escape. 

allow for equilibration. Then the fluid level was adjusted in 0-5 mm. steps until the locus of th 
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maximum end-plate potential was established; this generally occurred at about 1 om. from the 
pelvic end. Once this point had been determined it could be easily found again throughout each 
experiment. There was a small variation in the height of the end-plate potentials taken successively, 
at the same place, and in plotting the changes of amplitude the largest one of each group was taken. 
All the experiments were performed at room temperature, about 21° C. Boks 


A similar method to that described by Fatt (1950) was employed. The sartorius muscle was 
placed in a bath arranged so that the fluid could be run out at an approximately constant rate. 
Non-polarizable silver-silver chloride agar electrodes were used; contact was made by a wick 
soaked in Ringer’s fluid. One electrode was placed on the pelvic end; the other dipped into the 
fluid, the surface of which acted as a moving electrode. The electrical recording apparatus con- 
sisted of a cathode follower, a direct-coupled amplifier and a pen recorder. The procedure was to 
record the potential difference between the electrode on the pelvic end of the muscle and the 
falling surface of the bathing solution. Thus the potential along the length of the muscle was 
recorded continously. Without acetylcholine in the bathing fluid the muscle surface potential was 
relatively uniform; muscles which showed potential differences greater than 1 mV. were dis- 
carded. Special care was necessary to avoid even small injuries to the muscle fibres during 
-dissection ; the pelvic end proved to be particularly liable to damage. In the early experiments the 
muscles were soaked in Ringer’s fluid overnight, at 4° C., to eliminate injury potentials; even- 
tually, however, a careful dissection and immediate use of the muscles was adopted. After soaking 
the preparation with a solution which contained acetylcholine a depolarization of the muscle 
surface was observed corresponding to the spatial distribution of nerve endings. 


Solutions 
Frog Ringer’s fluid was made up with the following ionic composition: 
“Na+ 115mm. 


K+ 21mm: 
Ca*++ 1-8 mm, 
Cl- 120-7 mm. 


Calcium concentration was changed without altering the concentration of the other cations. 
Thus tonicity was altered within the range of 99-106 % of the Ringer's solution, unless other- 
wise noted. 


D-Tubocurarine chloride (Burroughs Wellcome & Co.) was used throughout in a concentra- 
tion of 3x 10-*. With this concentration, complete neuromuscular block was obtained and the 
end-plate potential could easily be recorded. 

Neostigmine bromide (Prostigmine Roche) was used in a concentration of 1 x 10-* in the 
depolarization experiments, and both it and acetylcholine chloride (Roche) were made 
freshly each day. 


RESULTS 
End-plate potentials 
In initial experiments calcium concentration was varied over a wide range, and 
the accompanying changes in the end-plate potential amplitude are shown in 
Fig. 1. It was possible to obtain end-plate potentials in calcium concentration 
ranging from 0-2 to 110 mm.; the maximum size occurred at about 18 mm. 
For calcium concentrations less than 7-2 ma. osmotic effects are likely to be 
negligible, but the increased tonicity may well account for the decline in 
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_ 42mm. the amplitude of the end-plate potential appeared to be approximately 
_ directly proportional to the calcium concentration. Later experiments were 


tial was found in all the experiments; it was taken into account by comparing 
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end-plate potentials seen at concentrations greater than 20 mm. From 0:45 to 


devoted to the study of the effect of changes in calcium concentration within 

In Fig. 2A the results of one such experiment are shown. The full circles, 
falling along the sloping line, show the decay of the end-plate potential in the 
course of several hours, the muscle having been soaked in Ringer’s solution. 


% tonicity 
9g 100 107 116 134 170 


0 ij 
011 0-45 18 72 29 115 
Calcium concentration (mm) _ 

Fig. 1. Ordinates: amplitude of the end-plate potentials in mV. Abscissae: calcium concentration 
expressed in mM. on logarithmic scale. Note that increased calcium concentration involves 
increased tonicity of the solution as a percentage of the tonicity of Ringer’s solution con- 
taining 1-8 ma. calcium, as shown in the upper border of the figure. 


The hollow circles show the effect on the amplitude of the end-plate potential 
of changing the calcium concentration. The steady decline of end-plate poten- 


the amplitude of the end-plate potential in modified calcium solutions with 
the mean of their amplitudes in Ringer’s fluid before and afterwards. 

In Fig. 3.4 the results of sixteen experiments of this type are plotted. It 
is seen that the size of the end-plate potential is directly proportional to the 
calcium concentration over the range studied. 

Plotted in Fig. 2B are the half-decay times of the end-plate potentials. 
Although the size of these potentials varied from 0-2 to 3 mV., there was no 
significant change in half-decay times either correlated with changes in 
calcium concentration or with the time from the beginning of the experiment. 
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An analysis of anticholinesterase action was made by Kecles & MacFarlane 
(1949) using the frog-sartorius preparation. Although changes in the size of 
the end-plate potentials were obtained, their most striking finding was the 
great increase in half-decay time with increasing anticholinesterase activity. 
The absence of any change in the half-decay times of the end-plate potentials 
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Fig. 2. A. Ordinates: amplitude of the end-plate potentials in mV.; full circles, in Ringer’s 
fluid; hollow circles, in fluid with modified calcium concentration as indicated. Abscissae: 
_ time in hours from the beginning of the experiment. B. Ordinates: half-decay times of the 
end-plate potentials in msec. Each point corresponds to the end-plate potential whose 

_ amplitude is represented in A on the same abscissa. 


in our experiments, while their height varied about twenty-fold, indicates that 
calcium had no anticholinesterase effect. 

The constancy of the half-decay times also provides some evidence that the 
recording was taken consistently from the region of maximum density of 
end-plates, since Eccles, Katz & Kuffler (1941) have shown that even small 
deviations from this point cause the half-decay time of the end-plate potentials 
to increase considerably. 

The time interval between the stimulus and the peak of the end-plate 
potential includes excitation tirhe, conduction of the nerve impulse into the 
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_ nerve endings and depolarization of the end-plate by liberated acetylcholine. 


The fact that this period remained constant suggests that the conduction of 
the nerve impulses into the fine nerve endings was not affected by changes in 
calcium concentration. 

As p-tubocurarine was present in all these experiments the question had to 
be considered whether the effect of calcium concentration on the magnitude 
of the end-plate potential might be due to a direct anticurare action of the 


25 
20 
> 
s 
3 
10} § 
0-45 09 18 a 


Calcium concentration (mm) 

Fig. 3. A. Ordinates: amplitude of the end-plate potential in relative units with their amplitu 
in Ringer’s solution (1-8 mm. calcium) taken as unity. Abscissae: calcium concentration in 
mM. plotted logarithmically. B. Ordinates: amplitude of the depolarization in relative 
units, Its amplitude in Ringer’s solution is taken as unity. Abscissae: same as for A. 


calcium ions. In order to investigate this matter a non-curarized muscle was 
soaked in a solution containing acetylcholine (0-2 x 10-*) and prostigmine 
(25x 10-*) until block of neuromuscular transmission was obtained (cf. 
Fillenz & Hanafin, 1947). At this stage nerve stimulation elicited an end- 
plate potential similar in size to the curare end-plate potential. If the calcium 
concentration was then varied, as described above, the size of this ‘acetyl- 
choline-prostigmine end-plate potential’ was affected in the same manner 
as that of the ‘curarine end-plate potential’. It is clear, therefore, that the 
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effect of calcium can be obtained in the absence of curarine, and can hardly 
be explained by any specific antagonism between calcium ions and D- 
tubocurarine. | 

Additional information was needed to decide whether the effect of varying 
calcium concentration might be due to a change of the sensitivity of the end- 
plates to a constant amount of acetylcholine or to a variation of the amount 
of acetylcholine released at the nerve terminals following an impulse. Some 
information on this point was obtained by studying the depolarizing action 
of applied acetylcholine on the end-plate region of the muscle. This depolar- 
ization is a more direct index of end-plate sensitivity than the muscle 
twitch or spike and is also more immediately comparable to the end-plate 
potentials. 

Tasxz 1. Effect of p-tubocurarine and neostigmine on the concentration of acetylcholine 

needed to produce a depolarization of about 3 mV, 


D-Tubocurarine Neostigmine Acetylcholine 
(3 x 10-*) (1 x 10-*) (ug-/ml.) 
- - 4 (15- 
+ - 60 (30-0 70-0) 
~ + 0-8 (0-4 - 1-2) 
+ + 6 (15-12-0) 


In Table 1 are shown the approximate concentrations of acetylcholine 
needed to produce a depolarization of about 3 mV. in this preparation under 
a variety of conditions. In this experiment two concentrations of acetyl- 
choline differing by a factor of two or three were used to ensure that the ob- 
served depolarizations were below maximal, and that changes in acetylcholine 
sensitivity could readily be detected. 

The amount of depolarization was found to vary with the time allowed 
after adding acetylcholine to the bathing solution. Immediately after applica- 
tion of acetylcholine a transient twitching of the muscle frequently occurred ; 
the depolarization then rose to a maximum in 3-5 min., and then slowly 
began to decline. 

By removing the acetylcholine from the bathing solution repolarization was 
generally completed in 15-20 min. Although the amount of depolarization 
varied with time as described above it was found that changing the calcium 
content of the fluid did not alter the time sequence of depolarization. The 
maximum depolarization was always measured for quantitative comparisons. 

Fig. 4 shows a typical experiment on a preparation treated with p-tubo- 
 curarine and neostigmine. The two lines represent the amplitude of the 

depolarization elicited by two different concentrations of acetylcholine. The 
full circles correspond to the depolarization produced when the muscle has 
been equilibrated in ordinary Ringer’s fluid. The amplitude of the depolari- 
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zation decreases progressively during the experiment, the decline being more 
marked with the higher concentration of acetylcholine. This gradual decay 
is similar to that already described for the end-plate potential. 

The open circles represent the magnitude of the depolarization after soaking 


the musele in solutions containing 7-2 and 0-45 mm. calcium. It can be seen 


that these changes in calcium concentration have no significant effect on the 
amount of depolarization. | 


The results of a series of ten experiments are plotted in Fig. 3B in the same 
manner as the earlier results on the end-plate potential. , 


18 
4 
41pg./mi. ACh 
0-45 
3 
18 
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Fig. 4. Depolarization elicited by two different concentrations of acetylcholine. Ordinates: 
amplitude of the depolarization in mV.; full circles, in Ringer’s fluid; hollow circles, in fluid 
with modified calcium concentrations as indicated. Abscissae: time in hours from the 
beginning of the experiments. 


~ In Fig. 3, therefore, the results of the two series of parallel experiments can 


be easily compared, and this shows that changes in the calcium content of the 


surrounding medium have no significant effect on the acetylcholine sensitivity 
of the end-plate, even though they have an obvious influence on the size of 
the end-plate potential. 

DISCUSSION 
According to current views, neuromuscular transmission can be divided into 
three stages: (i) arrival of the nerve impulses at the motor-nerve endings with 


subsequent liberation of acetylcholine, (ii) depolarization of the end-plate by 


the released acetylcholine, and (iii) initiation of a propagated action potential 
in the neighbouring region of the muscle fibre. 

On this view, the amplitude of the end-plate potential may vary as a result 
either of a change in the amount of acetylcholine liberated at the nerve endings 
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or a change in the sensitivity of the end-plate to the depolarizing action of 
that substance. Under our experimental conditions changes in calcium con- 
centration seemed to have no appreciable effect on the sensitivity of the 
end-plate to depolarization, whereas the amplitude of the end-plate potential 
varied considerably. It is concluded, therefore, that the amount of acety]- 
choline released by a single maximal motor volley is a direct function of the 
concentration of calcium ions. 

This interpretation agrees with the suggestions made by Feng (1936a, 5), 
Feng & Shen (1937) and Cowan (1940a, 5), Their evidence was based on the 
following observations: increase of calcium concentration (a) favoured the 
development of neuromuscular failure which occurred when a nerve was 
stimulated at high frequency, (b) restored or partially restored the response 
evoked by a single maximal shock from partly curarized or fatigued pre- 
parations, and (c) augmented the contracture which follows the main response 
to tetanic stimulation of the nerve of an eserine-treated preparation. They 
interpreted these phenomena in terms of an increased liberation of acetylcho- 
line by the motor-nerve endings when the calcium concentration is increased. 

A different source of evidence concerning the action of the change of 
calcium concentration on transmitter liberation comes from Harvey & 
MacIntosh’s paper (1940) on the cat’s perfused cervical sympathetic ganglion. 
They found that low calcium concentration in the perfusion fluid caused block 
of synaptic transmission, while the ganglion cells still retained their sensitivity 
to acetylcholine. By direct assay they found that the acetylcholine content 
in the perfusate of stimulated ganglia was diminished. Furthermore, Brown & — 
Vianna Dias (1947) have shown that during perfusion of frog muscle with 
NaH,PO,, which presumably reduces the amount of ionized calcium, a neuro- 
muscular block appears although the end-plates retain their sensitivity to 
acetylcholine. 

Evidence has been obtained indicating that the relationship between the 
magnitude of the end-plate potential and the calcium content in the sur- 
rounding fluid, i.e. between calcium concentration and the amount of 
acetylcholine liberated, is due neither to an anticholinesterase effect of calcium 
nor to a specific antagonism between calcium ions and pD-tubocurarine. A 
blocking effect on nervous conduction when low calcium concentrations are 
used cannot be entirely excluded, although the constancy of the latent 
period of the end-plate potential argues against this being a major factor. 
Fatt & Katz (1952), however, have recently shown that the end-plate 
potential, recorded with internal microelectrodes, diminishes stepwise with 
reduced calcium concentration, and this suggests that the effect might be due 
to successive blockage of individual nerve terminals, 
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SUMMARY 


1. The relationship between calcium concentration and the amplitude of 
the end-plate potentials has been studied. Within a range of calcium concen- 
tration between 0-45 to 7-2 mm, there appears to be approximately direct 

. Calcium has no effect on the time course of the end-plate potentials, 
fee that it has no anticholinesterase activity. 

3. The effect of calcium is not due to a direct anticurare action since it can 
be obtained in non-curarized muscles blocked with acetylcholine and 
prostigmine. 

4. The sensitivity of the end-plate region to the depolarizing action of 
applied acetylcholine was studied in the presence of varied calcium con- 
centrations. It was found that the amount of ionized calcium has no significant 
effect on the sensitivity of the end-plates. 

5. The amplitude of the end-plate potential may vary as a result either of 
a change in the amount of acetylcholine liberated at the nerve endings or of 
a variation in the sensitivity of the end-plate to the depolarizing action of that 
substance. The experiments described in (1), (2) and (3) suggest, therefore, 
that the amount of acetylcholine released by a single maximal motor volley is 
a function of the concentration of calcium ions. 


experiments, 
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A constant-current skin-resistance meter. By A. MoPHErson and - 
J. L. Maucoym. Phystology Department, St Mary’s Hospital Medical 


Many workers (Richter, 1929, 1946; White, 1944) have shown that the electrical 
resistance of the skin to the passage of a small current (c. 2A.) depends 
mainly upon the activity of the sweat glands. Any lesion of the autonomic 
nervous system preventing sweating produces a marked increase in the 
resistance of the area of the skin supplied, e.g. from 100-400,0002. to 
1-10 MQ. (Ray & Console, 1948; Richter, 1946). 

The mapping of sympathectomized areas of skin by resistance measure- 
ments has not been frequently employed in clinical work because of the 
inconvenience and time-consuming nature of the technique when a simple 
battery galvanometer instrument is used. It involves repeated readings of the 
galvanometer as the exploring electrode is moved across the skin, and it also 
involves making difficult decisions as to whether the galvanometer reading 
indicates a fully or partially sympathectomized area. The instrument described 
below overcomes some of these difficulties. 

The instrument is essentially a vacuum tube voltmeter, used to measure 
the voltage across a resistance in series with the patient. The e.m.f. applied 
to the patient is adjusted to give a constant current through the skin (2 pA.) 
and hence a constant voltage across the resistance, and is measured by a meter 
which is calibrated in ©. The anode swing of the first valve is made to operate 
a relay by means of a Schmitt trigger circuit, and so any desired signal (e.g. 
a light) can be made for a predetermined change in resistance. A single 126 V. 
high-tension battery and 1-4 V. valves have been used to make the instrument 
easily portable. Switches S, and S, select the ranges which, with the circuit 
values given here, are 0-350 K., 0-1:15MQ., 0-4-85 and 0-50 MQ., and 
readings can be made with an accuracy of +2%, using an inexpensive 0-1 
milliammeter (M,). The value of the resistance R, (750 K.), in series with the 
patient, and the value of the bias applied to V, are chosen so that a current 
of 2A. through R, and the patient gives a half-scale deflexion of M, in the 
anode of V,. To measure the resistance of a patient, using a current of 2 »A., 
the potentiometers P, and P, are — so that M, gives a half-scale 
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deflexion and the resistance is read on the meter M,. Any appreciable e.m_f. 
from the skin can be detected by means of the reversing switch S,. 

When changes of resistance are looked for, as when exploring a sympathecto- 
mized area of skin, the patient is made to sweat moderately freely. In a warm 
room it is rarely necessary to put the patient under a heat cradle. The 
indifferent electrode is attached to a lip, the exploring electrode is placed on 
the sympathectomized area of skin, and the potentiometers P, and P, are 


Re A 
63 V. Raa Rag 
45V.- | Ry Ry 15 V. 
| 
9vV.- | P, 
OV. 
—1-5V. - 
15V. 15 V. 


Fig. 1. Circuit of constant-current skin-resistance meter. S,, S,, S,, S,, on, off switches. S,, S,, 
range switch. S,, reversing switch. S,, seleetion switch. R,=100 K., R,=0-5 K., R,=1 K., 
R,=2 K., =10K., =750 K., R,=10 K., R, = 150 K., R, = 150 K., =150K., R,, =6K., 
R,,=33 K, P,=10K., P,=50K., P,=200K., P,=20K. M,=0-1 mA., M,=0-2mA. and 

V,=1P10 (Ediswan). V,=1 F3 (Ediswan). A=1K. relay. 


adjusted to produce a half-scale deflexion. The relay is then set by means of 
potentiometers P, and P, so that it just fails to close. The exploring electrode 
is then moved toward the normal area of skin and as the margin is crossed the 
decrease in the value of the skin resistance produces a closure of the relay, due 
to the resultant drop in anode voltage of V, operating the Schmitt trigger 
V, and V;, and the signal light of the exploring electrode goes on. 
By setting the relay to close at a given resistance it is possible to map out 
the intermediate, partially sympathectomized areas rapidly and accurately. 
REFERENCES 
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‘| The effect of sympathetic denervation on the sensitivity of the 


vessels of the hand to adrenaline. By R. 8. Durr 


Cerebral cortical potentials and afferent wiltae components on 


splanchnic nerve stimulation. By C. B. B. Downman and 
EK. A. Hampt 


Respiratory variations in human blood pressure. By A.C. Dornuorst, 
P. Howarp G. L. LeatHart 


The use of Telcothene tubing as an “optical cuvette for blood 
oximetry. By C. P. Hanprorts 


Six- channel cathode-ray recording apparatus. By A. Busan, 
P. Styzzs and J. M. Tanner 


On the emptying of Douglas bags. By R. 8. Morrram and G. L. 0. Pucn 


Measurement of the human by standardized photography. By 


J. M. TANNER x 


Flow patterns in arteries recorded by high-speed cinematography. 
By D. A. McDonatp and D. A. Warson.. (Film) 


Cinematographic study of movements of the rabbit heart. By 
D. A. McDonatp and D. A. Watson. 


Cardiac output in man. By J. MoMicnazt. (Film) 


The polyuria associated with anoxic anoxia. By ExisabeTs A. ULLMANN. 
Department of Physiology, St Bartholomew's Hospital Medical College, London 


Experiments were undertaken to investigate certain effects of anoxic anoxia 
on renal excretory function in man; urinary pH, titratable acidity, ammonia, 
urea, urea clearance, chlorides, bicarbonates and ‘endogenous’ creatinine 
were studied. These experiments confirmed that polyuria was associated with 
breathing oxygen at reduced pressures, a fact which has been reported, but 
also denied, in the past. However, the present work suggests that the diuresis 
is due, not to the anoxia as such, but to the alkalosis which develops as a result 
of anoxic hyperventilation. 
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_ Inno subject was an increased urine flow observed unless the anoxic stimulus 
was sufficient to-:provoke hyperventilation and a change in the reaction of the 
urine. Voluntary hyperventilation with room air led to a diuresis (as was shown 
by Davies, Haldane & Kellaway, 1920) which in its excretory pattern and all 
other respects was exactly similar to the polyuria developing when mixtures — 
containing 16, 14 or 12% oxygen in nitrogen were breathed. The anoxia 
neither added to nor affected in any way the normal response of the kidney to 
respiratory alkalosis. 

The magnitude of the diuresis observed i in any one subject in response to 
voluntary or anoxic hyperventilation appeared to depend on the level of 
circulating antidiuretic hormone. In subjects who had not taken any fluids 
for 6-12 hr., but were not dehydrated, hyperventilation produced only a very 
slight increase in urine flow, in spite of-a great rise in the osmotically active 
substances in the urine. If a small amount of water (250-400 ml.), just 
sufficient to cause, on its own, a slight water diuresis, was given immediately 
before beginning the hyperventilation, then the rate of urine secretion 

frequently rose to 12-15 ml./min. and higher, and considerably exceeded the 
- sum of the separate diuretic responses to water and hyperventilation. 

100 mU. ‘Pitressin’ injected intravenously before the commencement of 
hyperventilation was found to delay and reduce, but not to abolish the 
polyuria; if given at the height of the diuresis it reduced urine flow rates to 
levels which remained well above control levels while the respiratory alkalosis 
‘The evidence available indicates that the polyuria of hyperventilation can 
not be classed as an ‘osmotic’ diuresis in the usual sense, nor does it seem to 
be due to osmotic inhibition of antidiuretic hormone secretion by the —— 
pituitary: | 


REFERENCE 
Davies, H. W., Haldane, J. B, 8. & Kellaway, E. L. (1920). J. Physiol. 54, 32. 


The placental transfer of hexamethonium bromide in the rabbit 
and its appearance in the amniotic fluid. By I. Maurzen Youne. 
Sherrington School of Physiology, St Thomas’s Hospital, London, S.E.1. 


It is desirable to know whether this drug traverses the placental barrier for 
two reasons: (1) on account of the possibility of its use in the treatment of 
hypertensive states during pregnancy; (2) to obtain information on the 
permeability of the placenta to chemical substances of this nature. 

In all.the experiments reported a maternal plasma level of hexamethonium 
was maintained at 6-8 yg./ml., by repeated intravenous injection at the rate 
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of 2 mg./kg./hr. for periods up to 12 hr. These plasma levels were estimated — 
on the ‘nictitatmg membrane in the cat, by close arterial injection into the 


superior cervical ganglion.* 


In the preliminary experiments on unanaesthetized does, 28-30 days 
pregnant, hexamethonium appeared rapidly in the foetal blood but never 
exceeded 3-0 ug./ml. It also appeared rapidly in the amniotic fluid, the level 
exceeding the maternal plasma value after 4 hr.; at 12 hr. the concentration 
was 20-25 ug./ml. Hexamethonium could still be detected in the amniotic 


fluid in those rabbits not sacrificed for 18-20 hr. after the injections had 


The foetal urine was suspected as the source of the amniotic hexamethonium 
and this was investigated in two ways: (1) The foetal circulation was separated 
from the maternal by tying the umbilical cords of foetuses in late term rabbits, 
anaesthetized with nembutal; the level of hexamethonium in the amniotic 
fluid of these foetuses was very low in comparison with their controls. (2) Very 
young foetuses, though capable of forming urine, will excrete only small 
amounts into the amniotic fluid. No hexamethonium was detected, even after 
long periods, in the amniotic fluid of 14-21 days old foetuses; it appeared in 
the amniotic fluid at 23 days, and in increasing concentrations, in older 
foetuses. Hexamethonium was also present in the foetal blood from 23 days 
onwards, 

These experiments show: (1) That the placental barrier in the rabbit is 
permeable to hexamethonium from 23 days onwards (it has also been shown 
that hexamethonium will pass from the foetus to the mother). (2) Hexa- 
methonium appears in the amniotic fluid in concentrations which increase 
with foetal age. It can be estimated in the urine of the foetal guinea-pig and 
Zaimis (1950) has shown that it is excreted unchanged by the kidneys in the 
adult rabbit. (3) The elimination of hexamethonium from the amniotic fluid 
is slow. i 


* My thanks are due to Dr W. D. M. Paton for teaching me this technique which will be published 


by him shortly. 


Zaimis, E. J. (1950). Brit. J. Pharmacol. 5, 424. 


Effect of X-irradiation on the cholinesterase in rat intestine. 
By J. H. Bury, Pameza Korpix and R. H. Moxz. Department of 
Pharmacology, Ozford, and the Radiobiological Unit of the Atomic Energy 
Research Establishment, Harwell 


In the course of previous work (Anderson, Blaschko, Burn & Mole, 1951) it 
was observed that the intestines of rats irradiated 72 hr. previously with 


- 1000r., were abnormal. We have therefore examined strips of intestine by 


Wa 
Saw 
7 
: 
a 
a 
a 
e 
>, ‘ 
. 3 
a 
of 
8 
aa 
y 
a 
t 
of 
1e 
8 
e 
i 


6P PROCEEDINGS OF THE PHYSIOLOGICAL 


suspending them in a bath and determining their reaction to acetylcholine. 
We have found that the colon of rats irradiated 24 hr. previously is more 
sensitive than that of control rats, the threshold dose of acetylcholine being 
smaller, and the response to a given dose of acetylcholine being greater. 
By 48 hr. after irradiation this difference has spread to the ileum and jejunum, 
and in some rats to the duodenum. 

In conformity with these results we have found that 48 hr. after irradiation 
there is a fall in the amount of cholinesterase in the jejunum and ileum. This 
fall is observed when an extract is made either from the whole intestine or 
from the muscle coats alone. The fall is evident when either acetylcholine or 
benzoylcholine is used as a substrate, but not when acetyl-8-methylcholine 
is used. The fall is to 40-50% of the control figure. 

REFERENCE 
Anderson, C. T., Blaschko, H., Burn, J. H. & Mole, R. H. (1961). Brit. J. Pharmacol. 6, 342. 


Organs of Zuckerkandl. By R. B. Hunres, D. M. Suernerp. and 
G. B. West. Department of Pharmacology and Therapeutics, University 
of St Andrews Medical School, Dundee 


The para-aortic bodies of Zuckerkandl (1901) are composed of chromaffin 
tissue being derived like sympathetic ganglia from the neural crest. They lie 
in the retroperitoneal cavity of children at the level of the origin of the inferior 
mesenteric artery. They degenerate during the first few months of life and so 
far no function has been ascribed to them. Extracts of them were tested 
biologically by Biedl & Wiesel (1902), but only in terms of adrenaline. 

We have tested extracts of Organs of Zuckerkandl obtained from the post- 
mortem room, and find that noradrenaline occurs in quantities far exceeding 
those found in the adrenal glands (Shepherd & West, 1951). Low values, 
however, were recorded in those specimens tested more than 24 hr. after 
death. No hydroxytyramine of dihydroxyphenylalanine was found in any 
extract examined chromatographically, but traces of adrenaline were some- 
times present. Since these Organs in babies are especially rich in noradrenaline, 
they probably function as autonomic accessory tissue early in life. 


REFERENCES 
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3 
Ag 
z 
2 
| 
~ 
|) 
eed 
as 
‘cal 
Pie 
4 
4 
ag 
yu 
on 
us f 
oat 
* 


. ‘The relationship of the physiological third heart sound to the rate 


: return and the increase after exercise suggest that the third heart sound is 
_ specifically associated with the rate of venous return to the heart. 
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of venous return of blood to the human heart. By A. W. Stoan and 
Mary Wisnart. Institute of Physiology, University of Glasgow 


_ The physiological third heart sound, occurring in early diastole, is thought to 
_ be due to the rapid inflow of blood into the ventricles. It may therefore be 
~ expected that the amplitude of the vibrations will vary with the rate of return 
- of blood to the heart. Gallavardin (1912) and Bridgman (1915) noted that 
- the third heart sound becomes louder when the rate of venous return is 
_ increased by exercise. We have tried to show objectively by phonocardiography 
ES the relationship between the rate of venous return and the amplitude of the 


The effect of a the venous return was studied in eleven University 


_ students, aged 18-24 years, all of whom showed a well-marked third heart 
sound on the logarithmic phonocardiogram. Reduction of venous return was 
| obtained by applying sphygmomanometer cuffs to all four limbs and inflating 
_ them to diastolic blood pressure for 5 min. Increase in venous return was 
_ brought about by making the subject perform cycling movements with the 
_ legs for 2 min. The subjects were supine throughout. 


The heart sounds were recorded by means of an electronic phonocardiograph 


_ employing high-pass filters to give logarithmic attenuation of the lower 
_ frequency vibrations and having a cathode-ray oscillograph as the recording 
_ device: the jugular phlebogram was taken as the reference tracing (Campbell, 
_ Sloan & Andrew, 1952). | 


In every case, after venous occlusion of the limbs, the third sound deflexions 


_ were either abolished or diminished. The amplitudes of the first and second 
(sounds were not appreciably affected. After exercise the third sound deflexions 
~~ were increased over the resting values in eight cases and unchanged in one; 
__ in two cases no valid record was obtained owing to the chest-piece becoming 
_ dislodged during the exercise. The first sound was increased in amplitude 
with exercise in all cases and the second sound in most; the increase in ampli- 
tude of the third sound was of the same order as that of the first sound but 
_ Telatively greater than that of the second. 


The decrease in amplitude of the third heart sound with reduced venous 


Bridgman, E. W. (1915). Heart, 6, 41. 
Campbell, F. W., Sloan, A. W. & Andrew, A. M. (1952). sian (in the Press). 
Gallavardi, (1012). Arch, Mal. 
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Effect of diuresis on excretion of salts. By J. A. Barctay and 

M. Isranmm. Department of Physiology, University of Birmingham 
Excretion of Na, K, Cl and P has been followed during diuresis invoked by 
a number of agents. The results are shown in the following table: 


Taste | 
| (a) Excretion during ‘non-electrolyte’ diuresis. 
08 259 5 
Sodium x 
5 : x 
x 
+ =rise. =fall. x =ion infused. 
i.v. =intravenously. 


_ It will be seen that as far as effect on ions is concerned, diuretics may be 
divided into those due to non-electrolytes and those due to electrolytes. In 
the first group the ions studied may either rise or fall. In the second group the 
effect is determined by the cation and anion forming the salt. If Na is given 
there is a rise of K and vice versa. The presence of Cl leads to an increased 
excretion of phosphate; SO, and P lead to a fall in Cl. In explanation of these 
findings, increased filtration rate and increased urine flow may be ruled out 
as they appear to be common to both groups. Changes in the plasma level of 
the affected ion do not appear to be significant in the experiments with 
electrolytes. A depression or enhancement of tubule reabsorption of the various 
ions could be invoked in explanation of the results; they could fetta well be 
explained in terms of ion transfer in the kidney.: 


Potential changes in the parietal cortex on stimulation of the 
splanchnic nerve. By P. P. Newman. Department of Physiology, School 
of Medicine, Leeds 


Potential changes in the cerebral cortex, evoked by stimulation of the 
splanchnic nerve, were described by Amassian (1950) and further studied by 
Downman (1951). The projection areas found by these workers were within 
the somatic sensory areas contralateral I and II and ipsilateral II, as defined by 
Woolsey (1946). These findings have been confirmed and an additional pro- 
jection area is now described. Using cats under pentobarbital anaesthesia, 
stimulating electrodes were applied to the central cut end of a splanchnic 
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~ nerve, and point to point exploration of the parietal lobes was carried out. 


> Bilateral responsive areas were found near the supero-medial margin, posterior 


_ to the post-central gyrus. The character of the electrical potential changes 
_ produced in the cortex varied in different experiments, sometimes showing 
~ 4 surface positive response of 5 msec, duration or simple negative spikes; 
_ frequently, complex after-potentials followed the surface positive response. 
_ The responses in the contralateral area were usually of greater amplitude than 
__ those recorded from the ipsilateral area, and were not abolished by destruction 
of the ipsilateral cortex. Bilateral vagotomy in the neck did not alter the 
responses. No cortical potentials following splanchnic stimulation could be 
_ recorded outside the areas mentioned, including the medial surface. 


REFERENCES 
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1% Effect of botulinum toxin upon the superior cervical ganglion. 
By N. Ampacue. Ophthalmological Research Unit (Medical 
Council), Institute of Ophthalmology, London, W.C.1 Es 


_ Botulinum toxin (types A and D) has been injected into or around the 
_ superior cervical ganglion on one side in sixteen cats. 20-48 hr. later the 
_ integrity of ganglionic transmission was examined in the following two path- 

ways: (a) to the dilator pupillae, (b) to the nictitating membrane. The results — 
_ show that it is possible to produce, with adequate doses of toxin, a complete 
_ preganglionic paralysis in the pupillodilator pathway, but that a proportion 
__ of ‘nictitating membrane’ synapses are able to withstand the paralytic action 
_ of the toxin, even in large amounts. For instance, after periganglionic injections 
of 250, 428 and 500 units of toxin (1 unit=1000 mouse L.D.,9) the pupillary 
_ Tesponse to maximal preganglionic stimulation was 8, 0 and 0%, respectively, 
of that on the control side; but postganglionic stimulation produced full 
dilatation of the pupil. The nictitating membrane response to preganglionic 
_ stimulation was, in the same three experiments, 78, 76 and 70% of that on the 
control side. Even after intraganglionic injection of 3356, 5000 and 50,000 units, 

_ the nictitating response to preganglionic stimulation was still 66, 48 and 
67%, , respectively, of the control, although the last two doses were high enough 
to produce systemic effects. 
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Release of histamine from skin by neoarsphenamine and bile salt. 
By M. Souacuter. From the National Institute for Medical Research, Mill 
Hill, London, N.W.7 

Symptoms following injection of a histamine liberator into unanaesthetized 
dogs (Paton & Schachter, 1951) resemble those occasionally seen in humans 
following arsenical therapy (‘nitritoid crisis’). On this basis, experiments 
were carried out to test whether neoarsphenamine could release histamine 
from skin. Also, since severe pruritus may occur in obstructive or hepatic 
jaundice, the bile salt, sodium tauroglycocholate, was likewise tested. 

(1) A single intra-arterial injection of 0-5 c.c. of neoarsphenamine (1-25 mg.) 
into the isolated perfused cat’s skin (Feldberg & Paton, 1951) regularly released 
histamine, in amounts up to 50% of that in the entire skin preparation. 

(2) Similarly injected sodium tauroglycocholate (1-5 mg.) released up to 
15% of the total skin histamine. 

(3) Injections of 10% ethyl alcohol or 5% caffeine did not release any 
histamine. Injected. n/20-HCl or distilled water was either without effect or 
produced only barely detectable increases in histamine output. 

These results strongly suggest that, in humans, histamine liberation produces 
or contributes to the symptoms of the ‘nitritoid crisis’ and also the pruritus 
in jaundice. 

REFERENCES 


Feldberg, W. & Paton, W. D. M. (1951). J. Physiol. 114, 490. 
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Some observations on skin temperature and the onset of sweating. 
By J. G. 


Urinary excretion of 17 -ketosteroids under tropical conditions. 
By N. A, Barnicor 


The excretion of oestrogens and pregnanediol during the last three 
weeks of pregnancy and the first week after delivery in 
fourteen normal women. By T. E. BrapsHaw and W. J. E. Jessop 


On the action of the sympathetic on the blood vessels in 
human muscle during rhythmic exercise. By H. Baxrcrorr, 
A. C. Dornnnorst, H. M. MoCuatcuey and J. M. Tanner 


The absorption spectrum of the macular pigmentation in the 
living eye. By G. 8. Brivptey and E. N. WILLMER 


A new concept of the organization of the central vomiting 
mechanism. By 8. C. Wane 


Korotkoff sounds. By D. W. Goutp 
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A new folding cage for cats. By Parricta P. Scorr. Department 
of Physiology, Royal Free Hospital School of Medicine, London, W.C.1 — 


i Spacious cage accommodation is important for successful breeding and rearing 


_ of catsin the laboratory. At the same time, to avoid transfer of infection, cages 


must be small enough to fit into the sterilizer, and should occupy a minimum of 


_ storage space when out of use. 


Fig. 1. 
With the help of G. L. Daniels a new type of folding cage has been designed 


- of 2 in. galvanized straight-mesh wire, 42 x 24 x 21 in. high, standing on a gal- 
 vanized steel tray } in. larger all round and 2} in. deep (Fig. 1). The roof is 


attached, by hinges, to one of the longer sides and folds backwards, while the 


two shorter sides are hinged vertically down their centres and fold inwards 
(Fig. 2), so that the cage drops flat into the tray. The trays can be piled up for 
storage or stood on their sides in the sterilizer. When the cage is erected, metal 
loops along the shorter sides project through the mesh of the roof as it is 


_ brought into position and are secured on either side with metal pins. A door 
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15 x 12 in. is placed in the longer side of the cage. A sleeping or breeding box 
is provided of galvanized sheet metal, or cardboard (disposable), 18 x 12 x 6} in. 
deep, filled with newspaper or wood wool. Sawdust, renewed daily, in a sheet- 
metal baking tin has proved the best type of dirt tray. Any kind of bedding 


= rT 
| 


Fig. 2. 


on the floor of the cage (which is formed by the tray) is to be avoided, and it is 
best kept clean by wiping with a cloth wrung out in disinfectant solution. 

A similar, but smaller, cage 39 x 18 x 21 in. high is in use for weanling kittens 
and individual adult cats. 

The author wishes to acknowledge with grateful thanks a grant from the Central Research Fund 
of the University of London and the assistance of G. L. Daniels of J. J. Thomas Ltd. in 
out the design. | 


A float volume recorder in Perspex. By I. D. Fereuson and 
D. C. MacKicuan. Institute of Physiology, University of Glasgow 


With float volume recorders of small capacity it is distressingly easy to suck 
water from the tank into the air system. Such a mishap with a metal recorder 
may result in water being left behind unseen in the air system. 

Paton (1949) described a metal respiration recorder which utilized a large- 
capacity float made from polymethyl methacrylate (Perspex). The present 
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et design of recorder (Fig. 1), constructed almost entirely from Perspex, attempts 


to minimize the difficulties experienced with small-capacity metal float volume 
recorders. ‘It incorporates a large water trap, W, with an independent drain - 
and an air inlet tube, A, so placed that water sucked back is most unlikely to 
pass beyond the trap. Any water sucked back is readily visible through the 


D 


Fig. 1. Side elevation and end view of Perspex float volume recorder. it, sa aie NN, Boat | 
C, central air tube; D, metal counterpoise on threaded wire; F, two pivot screws in bracket; 
R, brass holding stem; S, straw holder; 7’, water tank; W, water trap. Scale in inches. 


Since silicone-treated surfaces have a high contact angle with water, droplets 
do not tend to accumulate on inclined surfaces. The Perspex float, B, central 
air tube, C, side air tube, A, and the water trap, W, are all siliconed. The float 


is thus more sensitive to small changes of pressure and gives a truer _— of 
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volume changes. Also any water sucked back is less liable to lodge in the air 
tubes or in the water trap. There is similarly less tendency for water to gather 
_ in the central and side air tubes, since the tubes are mainly vertical and the 
lower ends are chamfered. Water is readily drained from the water trap, since 
it is fitted with a conical bottom. 

Should too much air be aspirated when adjusting the float to a base-line, 
water can be seen through the Perspex to enter the central air tube and can be 
expelled back into the tank by injecting a little air into the system before a 
siphon has started. 

In addition, adjustment of the counterpoise, D, is ia more delicate by 
screwing it along a threaded 10 B.a. wire. Since the brass holding stem, R, is 
screwed towards one side of the base of the water tank, a straight wire can be 
used without it touching the holding stem during a maximal excursion. Con- 
sequently the fulcrum is less subject to torque during adjustment of the 
counterpoise. 

The dimensions are not critical except that the central air tube, C, should 
have thin walls and an internal diameter of at least 0-5 cm. Welded Perspex 
tubing is used except for the central air tube which is machined from rod. The 
Perspex water tank, 7’, straw holder, S, and fulcrum, F, are of standard con- 
struction. Interchangeable tubular floats of different capacities are made for 
each water tank. Perspex floats will not corrode. 

The shaping of the central air tube, and the side air tube is carried out by 
heating the Perspex tubing to 135° C. in an electric oven for 10 min., then 
inserting into it a preheated 22 s.w.g. spiral spring to maintain the internal 
diameter and immediately placing the tube in an appropriately shaped wooden 
mould. The spring is readily removed once the Perspex is cold. 

Before cementing the volume recorder together, the float, central and side 
air tubes, and the water trap are cleaned and then siliconed by dipping for 
1 min. into a 2% solution of dimethyldichlorosilane in carbon tetrachloride. 
The tubing is then immediately placed in water and left for 2 hr. All joints are 
- made by cementing with chloroform solvent and the junctions of the central 
air tube and side air tube with the water trap are reinforced with Perspex 
cement. 


REFERENCE 
Paton, W. D. M. (1949). J. Physiol. 108, 57 P. 
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| Electric field measurements in a-two-dimensional conductivity - 

tank model of the human heart and thorax. By C. V. Nexson*. 
Department of Electrical Engineering, Imperial College of Science, London; 
and Department of Physiology, Middlesex Hospital Medical School, London 


It is always difficult to calculate a potential field distribution, even in relatively 
simple physical systems, unless considerable approximations are made. This 
is particularly true if the system involves electrical inhomogeneities or if the 
boundary of the system is not a simple geometrical shape. It is usually possible, 
however, to set up a model of the system and make rapid measurements of the 
potential field. 


Fig. 1. Diagram of two-dimensional conductivity tank. The outline of the chest wall, lungs, heart, 
vertebra and sternum can be seen. The two electrodes at the centre of the cross-section of the 
heart are the source electrodes. The search electrode is carried on a bridge, to the right, and 
can be moved to any position in the tank. The reference electrode is seen immediately behind 
the vertebra. The cross-section is taken at the mid-ventricular level. 


An electrolytic tank for conductivity measurements, as described by 
Boothroyd, Cherry & Makar (1949), was modified (Fig. 1) so as to have an 
insulating boundary in the shape of the outline of a cross-section of the human 
thorax (adapted from cross-section diagram 23 of Morton, Truex & Kellner 
(1941)). 

In order to take account of the different electrical conductivities of the bones, 
lungs, heart and other tissues of the thorax, the depth of the thin layer of copper 

* Research Fellow of the American Heart Association. _ 
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sulphate solution in the conductivity tank was adjusted by the insertion of 
cut-out shapes to represent the cross-section appearance of these tissues. The 
resulting conductivity of the different regions so formed was then proportional 
to the depth of the electrolyte. | | 

The vertebra and sternum were represented by Perspex material of thick- 
ness greater than the depth of the electrolyte, thus giving zero conductivity. 
The lung sections were in glass and covered by the electrolyte so as to give a 
conductivity about 25% of that in other parts of the cross-section. It is 
possible to have an increased conductivity for the heart by using a greater 
electrolyte depth in that area, and this was done in some experiments. 

A pair of probe electrodes was placed in the tank in the heart area and a 
potential difference applied, so that a current field was set up in the electrolyte. 
These electrodes constitute a dipole source which could be adjusted in strength, 
position and orientation. In further experiments two such dipoles have been 
used, and in others a ‘distributed source’ was used consisting of pairs of metal 
conductors around the boundary of the cross-section of the heart. 

Potentials were measured with respect to a remote point by means of a 
search probe which could be moved over the tank area. Polarization errors 
were substantially eliminated by the use of (i) a 500 cyc./sec. source, (ii) 
platinized-platinum search and reference probes, and (iii) a very high input 
impedance to the valve voltmeter used for potential measurements. The 


potential field was also measured in the ‘double-layer’ tank, which is the form — 


originally described by Boothroyd et al. (1949). This is equivalent to making 
the measurements in an infinite, i.e. unbounded, medium. The comparison of 
these results with those obtained in the modified tank shows the effect of the 
boundary on the potential distribution. 


REFERENCES 
_ Boothroyd, A. R., Cherry, E.C. & Makar, R. (1949). J. Instn elect. Engrs, 96, pt. 1, 163. 


Morton, D, J., Truex, R. C. & Kellner, C. E. (1941). Human Cross-section Anatomy, section 23. 
Baltimore: Williams and Wilkins. 


A simple method for recording blood viscosity continuously. 
By L. E. Mount. Department of Physiology, Edinburgh University 
Blood is made to flow to and fro through a capillary tube, the flow varying 
sinusoidally. The apparatus includes a Dale-Schuster pump which is modified 
by the substitution of a glass and metal syringe for the normal rubber dia- 
phragm. This syringe is connected by inextensible tubing to a membrane 
manometer, and to a tube which contains a small rubber bag, the only outlet 
from which is through the capillary tube (Fig. 1). The whole system is closed and 
water-filled. The liquid under examination is forced to and fro through the 
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_ capillary tube by the stroke of the syringe pump. Since water may be regarded 
as incompressible within the pressure limits encountered here, the flow of the 
liquid is determined directly by the stroke volume and frequency of the pump. 
___ The pressure in the system then rises and falls as the slope of the flow curve 
_ changes. If conditions of rate of flow and temperature are maintained con- 
_ stant, the overall pressure change is a measure of 

the viscosity, a continuous record of which is there- ——— 

fore obtained by means of a manometer writing on 
a drum. The apparatus has been calibrated using 

standard solutions of glycerol and sucrose, and there 
is a linear relationship between the pressure change 
and viscosity. When in use for recording the viscosity 
of blood, as in the case of a perfusion experiment, 
the apparatus may take the form of a tube dipped 
below the surface of blood in a reservoir, and the 
tracing on the drum may be standardized using 
saline, The size of the tracing may be adjusted by 
varying either frequency or stroke volume of the 
pump. 

_ When this system is applied to blood it is necessary 
to use capillary tubes of not less than 0-4 mm. in 
diameter in order to avoid irregularities due to | 
apparent changes of viscosity. It has been found 

that when the stroke volume of the pump is 0-7 c.c., Fig-1. Viscosimeter. The open 
pump frequency 16 per min., length of capillary tube Fi ny ae. 
10 cm., and diameter of capillary tube 1-3mm., the mined. The vertical arrange- 
pressure variation when blood is being examined is _ ment ensures automatic ex- 
of the order of 30 mm. of mercury. Intermsof these Pulsion of air bubbles from 
dimensions, the Reynolds number is well below the “*® ™™PPer bag (#8). 


To manometer 


Cc 


level at which turbulence may be expected; direct inspection, using sus- 


pensions, confirms that the flow is streamlined. 

Variations in specific gravity from 1-0 to 1-3 do not appear to influence the 
pressure tracing. The inertia of the system gives rise to secondary waves in the 
pressure recording, but these are smaller in amplitude than those due to the 
capillary flow, and therefore do not influence the overall pressure swing. When 
the pump frequency is low, as in the example cited, blood flow through the 
capillary is found to conform approximately with the uncorrected Poiseuille 
expression relating to liquid flow through tubes. 
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The effects of chronic fluorine intoxication on the kidneys. By 
Auprey M. Bonp and Marcaret M. Murray. Bedford College, London 


The feeding of 5-15 mg. of NaF per day to rats causes polyuria and polydipsia. 
The fasting urine, which is free of albumin, gives a slight positive test for 
reducing sugar. There is a low threshold to glucose, given intraperitoneally. 

After several months’ administration of the NaF the kidneys have a dark, 
shrunken and nodulated appearance. Marked histological changes are to be 
seen which consist of a vascular, glomerular and more obviously tubular 
_ degeneration leading finally to interstitial fibrosis. In the fibrotic areas there 
is an absence of alkaline phosphatase in the tubular cells. 

Though the animals were grossly under weight, in spite of a food intake 
comparable with that of the controls, and otherwise in poor condition, they 
withstood the administration of the NaF for up to 20 months. 


Direct titrimetric determination of fluorine in drinking waters. 
By Auprey M. Bonp and Marcaret M. Murray, Bedford College, 
London, and J. A. Stevens, c/o Barclays Bank, Nairoli 


The fluorine is titrated, at controlled pH, with thorium nitrate using alizarin 
as indicator. Calcium, phosphate and sulphate interfere with this titration, 
and hence in the past it has been advisable and often necessary first to con- 
centrate the water samples and then drive off the HF by steam distillation i in 
the presence of acid and titrate the fluorine in the distillate. 

In the method demonstrated, the calcium is removed by running the water 
through a column of Zeokarb 215, interfering anions by the subsequent 
addition of BaCl, solution and filtration. After adjustment of the pH, the 
fluorine is titrated in the presence of 0-008M-acetate buffer with 0-0016N- 
thorium nitrate. 

This method is suitable for the estimation of fluorine in a water con- 
taining 0-2 part per million (0-2g./ml.) or more. 


The simultaneous estimation of glucose and fructose in blood. By 

D. F. Cuzesman. Department of Physiology, Bedford University 

of London 

When a solution containing glucose and fructose is heated at 100° with 5n-HC) 
saturated with 2, 4-dinitrophenylhydrazine, the reducing substances formed 
in the degradation of the sugar couple with the reagent to give sparingly 
soluble 2, 4-dinitrophenylhydrazones. The uncoupled reagent is destroyed with 
2Nn-KOH and alcohol is added to 60% (v/v) concentration. The hydrazones 
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are brought into solution in the highly coloured quinonoid form which may be 


estimated colorimetrically. The degradation of fructose is complete after 
20 min., that of glucose only after several hours. Determinations of the chro- 
mogenic power of the mixture after reaction periods of 30 and 60 min. may 
be used for the estimation of glucose and fructose in mixtures of the two and in 
protein-free blood filtrates when the constancy of the non-sugar reducing 
substances is assumed. The method in its present form is sensitive to + 2g. 
fructose and + 10g. glucose in 1 ml. solution. 


Renal clearance of the stereoisomers of alanine and methionine 
in the cat. By R. F. Crampton and D. H. Smyts. Department of 
Physvology, University of Sheffield 

Crampton, Gibson & Smyth (1951) have shown that the rates of reabsorption 

of L-alanine and L-histidine by the renal tubules of the cat are greater than 


: those of the corresponding D-isomers. This has now been shown to be the case 
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- for methionine. In addition clearance values have been obtained for the 


isomers of alanine and methionine. The figure shows the relationship between 


the alanine clearance/creatinine clearance ratio and the plasma concentration 


of alanine for the p and L-isomers following separate injection of these. It is 
seen that t-alanine has a definite plasma threshold concentration of about 
40 mg. %, and is treated by the renal tubules qualitatively like glucose or 
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ascorbic acid. pD-Alanine appears in the urine in the lowest plasma concentra- 
tion which can conveniently be estimated (20 mg.%), and the figures obtained 
would suggest that its treatment by the renal tubules resembles rather that of 
urea, Experiments with methionine have indicated a similar difference between 
the p and L-isomers, the plasma threshold concentration for L-methionine being 
120 mg. %. These results confirm the presence of an active stereochemically 
specific mechanism in the renal tubules for reabsorption of L-amino acids. 


| REFERENCE 
Crampton, R. F., Gibson, Q. H. & Smyth, D. H. (1951). J. Physiol. 115, 7P. 


Stereochemically specific absorption of alanine from the intestine 
into the blood stream. By D. M. Marruews and D. H. Smytu. 
Department of Physiology, The University of Sheffield 

Gibson & Wiseman (1951) have shown that the L-isomers of a number of 
amino-acids disappear more rapidly than the D-isomers from the lumen of the 
intestine in the anaesthetized rat, and Clarke, Gibson, Smyth & Wiseman 
(1950) have shown a similar phenomenon in the case of the Thiry-Vella loop 
in the unanaesthetized dog. Using an isolated gut preparation, Wiseman (1951) 
showed that the L-isomer also accumulates more rapidly in fluid surrounding 
the intestine than the D-isomer, and further that passage of the L-isomer across 
the intestinal wall can occur against a concentration gradient. These results 
suggested the existence of an active stereochemically specific mechanism in 
the intestinal wall for absorption of the L-amino-acids. The present communica- 
tion supports this view by showing that when Dt-alanine is present in the 
intestinal lumen, the L-isomer appears in greater quantities than the D-isomer 
in the venous blood from that part of the intestine. | 

A cat was anaesthetized with pentobarbitone sodium. A segment of ileum — 
about 50 cm. long was selected, washed out with saline, and then tied off at 
both ends, leaving the blood supply intact. The main vessel draining this 
segment was cannulated so that all the venous blood was collected. After 
collection of a preliminary sample from the vein, a solution of DL-alanine was 
injected into the lumen of the isolated segment, and collection of blood con- 
tinued during absorption of the alanine. 

In order to obtain a higher concentration of alanine in the venous blood, the 
blood flow through the intestine was reduced by lowering the systemic blood 
pressure to about 70 mm. of mercury before collection of blood was started. 
This was done by removal of blood through a carotid cannula, and subsequently 
the pressure was regulated by replacement of blood by the same route. 

The venous blood collected was analysed for p and L-amino-acids by methods 
used in the previous experiments quoted. This showed that the plasma 
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contained up to three times as much L-amino-acid as D-amino-acid, the 
_ figures in a typical experiment being L-isomer 2-3 mg./ml. and p-isomer 
0-74:mg./ml. 
| The analytical methods used are specific only for p- and L-amino-acids and 
_ not for alanine, but one-dimensional paper chromatography indicated that 
_ alanine was the only amino-acid present in significant amounts. 

The results show that the stereochemically specific mechanism previously 
postulated is applicable to physiological absorption into the blood stream and 
not only to disappearance from the intestinal lumen or passage through the 


whole intestinal wall. 
REFERENCES 
Clarke, E. W., Gibson, Q. H., Smyth, D. H. & Wiseman, G. (1950). J. Physiol. 112, 46P. 
Gibson, Q. H. & Wiseman, G. (1951). Biochem J. 48, 426. 
Wiseman, G. (1951). J. Physiol. 114, 7P. 


Effect of denervation on amine oxidase in the nictitating membrane. 
By J. H. Burn and Juprrx Rosinson. Department of Pharmacology, 
University of Oxford 

Amine oxidase has been shown to be present in the nictitating membrane of 

the cat’s eye (Robinson, 1951). In a series of eighteen cats the superior 
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cervical ganglion was removed, and after 8 days the amine oxidase was deter- q 


mined in the denervated nictitating membrane in comparison with that in 
the normal membrane. There was less amine oxidase in the denervated mem- 
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brane, the mean figure being 75% of that in the normal membrane. There was, 
however, great variation. In some cats denervation reduced the enzyme to 
50% or less of that in the normal membrane, while in others denervation 

scarcely caused any reduction at all. 
In view of the great increase in sensitivity to endeeeidinn produced by 
denervation, it did not seem likely that the increase could be explained by so 
variable a fall in the enzyme. We knew, however, that the increase in sensitivity 
was also variable, and we decided to see if the extent of the increase of sensitivity 
produced by denervation was related to the fall in the amount of amine oxidase. 
We therefore prepared a further series of ten cats by removing the superior 
cervical ganglion, and 8 or more days later we recorded the contractions of both 
normal and denervated membranes to injections of noradrenaline and adrena- 
line in the spinal preparation. Thus we measured the increase in sensitivity, 
and after removing the membranes we compared the amine oxidase present 
in them. Fig. 1 shows on the abscissa the sensitization produced by denerva- 
tion. It is expressed as the ratio of the contraction in the denervated mem- 
brane to that in the normal membrane (D/N ratio). The ordinate measures the 
amine oxidase in the denervated membrane as a percentage of that in the 
normal membrane. Fig. 1 indicates that the increased sensitivity to the action 
of noradrenaline produced by denervation is related to the fall in amine 
oxidase. 

We have also observed that removal of the superior cervical ganglion causes 
a fall in the amine oxidase in the cat’s iris, and that removal of the stellate 
ganglion causes a fall in the amine oxidase in the arteries of the cat’s foreleg, 
though again there is considerable variation in different experiments. 


REFERENCE 
Robinson, J. (1951). J. Physiol. 115, 39 P. 


The use of an infra-red analyser in testing the properties of 
Douglas bags. By J. N. Miis. Department of Physiology, University 
of Manchester — 


The use of an infra-red analyser (Infra-red Development Company) which 
gives an instantaneous record of the CO, percentage in a gas passing through 
it has permitted a series of tests on Douglas bags which would be tedious by 
Haldane analysis. 

Five bags (60-100 1.) from two manufacturers were chosen at random from a 
stock which had been used in class-work for some 20 years. All were filled with 
34% CO, in air, and every few hours for the first day and daily for the next week 
aliquots were drawn off into the analyser. The daily rate of CO, loss was fairly 
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F enifoont for each bag, ranging between 0-45 and 0-22% per diem. Two obtained 
- from one manufacturer were regularly better than three from another. 


Taztz 1. Mean daily loss of CO, from bags containing initially 33%. 


Two runs of 1 week each 

CO, loss % 
Bag Maker perdiom 
1 x 0-46, 0-40 
2 x 0-45, 0-44 
3 x 0-43, 0-44 
4 Y 0-34, 0-27 
5 Y 0-26, 0-22 


It is common practice to mix the contents of bags before sampling. To 
ascertain the importance of this procedure bags containing 14-4% CO, were 
on eight occasions left undisturbed on a bench for 3} hr. to 3 days, and the 
contents were then very gently expelled with continuous sampling. From 
start to finish of emptying no variation in composition was ever observed 
outside the error of the analyser, up to 0-05%. 

It may be concluded that any CO, loss from a bag in an hour or two will be 
barely detectable ; that bags losing more than 0-5 % per diem from physiological 
concentrations should be discarded ; and that elaborate mixing of bag contents 
before sampling is unnecessary. 


My thanks are due to the Medical Research Council for an expenses grant with which the 
infra-red analyser was purchased. 


Evidence of an interrelationship between thiamin and riboflavin, 
and the role they play in maintaining the integrity of the visual 
path. By F. C. Ropecsr. Department of Physiology, Kung’s College, 
University of Durham 

Three groups of rats were fed a high carbohydrate diet. In one, thiamin was 

administered at an inadequate level; in another riboflavin was withheld; and 


_ in the third the diet was made deficient in both these vitamins to a degree 


corresponding with the other two groups. 
The thiamin-deficient rats died at the end of 3 months; the riboflavin- 


deficient rats were still alive and well at the end of 8 months; the thiamin- 


riboflavin-deficient rats were nied at the end of 6 months on showing signs of 
inco-ordination. 

The visual pathways were examined histologically from retina to lateral 
geniculate body, using the following techniques: polarized light, Giemsa, 
silver nitrate, Loyez, Marchi and Weigert-Pal. 

Slight signs of degeneration were present in the visual pathways of the 
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thiamin-riboflavin-deficient. Control rats on the same diet, but with a high 
thiamin and riboflavin supplement, were unaffected. 

The long survival of the thiamin-riboflavin-deficient animals is difficult to 

lain. 
“a the rats of this group all exhibited a marked bradycardia one can pre- 
sume they were suffering from a severe thiamin deficiency. For this reason, 
and because the riboflavin-deficient rats had normal visual pathways, one 
assumes the gross changes produced in the thiamin-riboflavin-deficient animals 
were due to the long-continued deficiency in thiamin. 

Contrary to the views of Engel & Phillips (1938), Leinfelder & Robbie (1947) 
and Zimmerman (1943), there appears no doubt that the integrity of the 
visual path can be affected when the thiamin intake is inadequate, and a high 
carbohydrate diet is being fed. 


REFERENCES 


Engel, R. W. & Phillips, P. H. (1938). J. Nutr. 16, 585.. 
Leinfelder, P. J. & Robbie, W. A. (1947). Amer. J. Ophthal. 30, 1135. 
Zimmerman, H. M. (1943). Res. Publ. Ass. nerv. ment. Dis, 22, 51. 


The penetration of “P into the nervous tissues of the rabbit. 


By J. B. Brrertey. Department of Neuropathology, Institute of wie scene 
Maudsley Hospital, London, 8.E. 5 


_ The effect of histamine and of CO, inhalation on the entry of phosphate into 
the nervous system was studied. The phosphate (30-50 uc. **P/kg.) was given 
by intravenous injection, and after 10 min. the animals were killed and 
exsanguinated. The residual blood, which accounted for about 9-25°% of the 
radioactivity in brain samples, was determined by means of diiodofluorescein 
labelled with "I, as described by Brierley (1951). There was a probable in- 
crease of 33-50%, in the residual blood due to the vasodilatation caused by 
COQ, inhalation. The radioactivity of the blood at zero time was obtained by the 
extrapolation of the curve giving the logarithm of the blood counts against 
time. The radioactivity of the tissues (after exsanguination) was determined 
on trichloroacetic acid extracts and expressed as 1000 x counts/min./100 mg. 
tissue + counts/min./100 mg. blood at zero time. Littermates were used through- 
out for comparing experimental and control animals. 

Normal controls (16 animals). If the radioactivity of cerebral cortical 
tissue=1, then spinal ganglia=23, sciatic nerve=11, spinal cord=1:3, 
medulla = 1-02, hypothalamus = 1-51 and hippocampus = 1-76. 

10% CO,-oaygen miature. Using two litters, each of six animals, only an 
increase of 21-40% in the radioactivity of the medulla was significant; but 
the figures suggested an increase in the spinal cord and hypothalamus. 
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20% CO,-oxygen macture. Using two litters of four and six animals there were 
significant increasesin cortex, 7-40 ; spinal cord, 20-42% ; medulla, 19-112% ; 


: and hypothalamus, 6-52%. 


Histamine acid phosphate (0-6 mg./kg. intravenous). Using one litter of eight 
animals, there were significant increases in spinal ganglia, 19-61%; sciatic 


: nerve, 20-24%; spinal cord, 10-164%; medulla, 15-66%; hypothalamus, 


31-104%; hippocampus, 12-61%; and cortex, 6-65%. 

These results are interpreted as due to an increased penetration of phosphate 
into the extracellular fluid of the tissues: this could be due to vasodilatation, 
or increased capillary permeability, or both. It is known that CO, inhalation 
causes increased cerebral blood flow due to local vasodilator action (Kety & 
Schmidt, 1948); but the effect of histamine on the cortical blood flow of the 
cat was shown to be slight (Schmidt & Hendrix, 1938) and it is stated to be 
absent in the herbivora (Dale & Richards, 1918). It would thus appear that 


histamine increases the capillary permeability to phosphate ions. 
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The effect of adrenaline on liver blood flow in the rat and the 
rabbit. By J. Grayson and D. H. Jonnson. Department of Physiology 
and Department of Pathology, University of Bristol 


Using the technique of internal calorimetry (Grayson, 1951), the response of 


liver blood flow to the administration of adrenaline was investigated. Sub- 


cutaneous and intravenous administration to conscious rats and rabbits, in 


which the recorders had previously been implanted at open operation, always 


produced an increase in liver blood flow. 
In anaesthetized rabbits the increase following intravenous adrenaline was 


found to accompany the rise in blood pressure recorded by carotid cannulation. 


In some experiments blood pressure was stabilized by cannulating the femoral 
artery and connecting to a pressure-compensating device. With systemic blood- 
pressure changes thus eliminated intravenous adrenaline now caused a small 
fall in liver blood flow. Blood-pressure increments obtained by means of the 
compensator alone gave rise to changes in flow similar to those previously 
produced by equivalent pressor doses of adrenaline in the uncompensated 
animal. 

Following section of both depressor nerves and clamping of both carotid 
arteries in the uncompensated animal, intravenous adrenaline, although still 
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raising the blood pressure, now caused marked diminutions in liver blood flow ; 
mechanical alterations in blood pressure had greatly diminished effect. 

These experiments suggest that the direct effect of adrenaline on the liver 
vessels is vasoconstrictor. In the intact animal, however, increase in blood 
flow is induced by the general rise in blood pressure acting reflexly through 
the receptors of the depressor nerve and in the carotid sinuses. 

This work was performed with the aid of a grant for expenses made by the Medical Research 
| REFERENCE 
Grayson, J. (1951). J. Physiol. 114, 20P. 


Resting and action potentials in the electric organ. By R. D. 
Krynes* and H. Martins-Ferrerra. Instituto de Biofisica, Universidade 
do Brasil, Rio de Janeiro 


We have investigated the membrane potentials in the electroplates of the 
electric eel, Electrophorus electricus, with the type of internal microelectrode 
developed by Ling & Gerard (1949) and Nastuk & Hodgkin (1950). Prepara- 
tions in which one surface of the electroplate was wholly exposed and yet 
intact were obtained by cutting slices of tissue from the organ of Sachs, where 
the electroplates are separated by wide extracellular spaces. The slice was 
mounted between silver grids, to which shocks could be applied in order to 
elicit the direct response of the electroplates (Albe-Fessard, Chagas, Couceiro 
& Fessard, 1951). The difference in potential between the tips of two electrodes, 
one lowered just inside the electroplate and the other immediately above it, 
was then recorded with a differential d.c. amplifier. 

Across each face of the electroplate we found a resting potential of about 
80 mV., whose polarity was the same as that in nerve and muscle fibres. 
During activity the potential across the posterior face—the side of the electro- 
plate on which the afferent nerves terminate—was reversed by about 70 mV., 
the average duration of the action potential being of the order of 2 msec. The 
potential across the anterior (non-nervous) face did not alter, except for small 
changes, generally under 2 mV., due to the voltage drop across the membrane 
resistance produced by current flowing during the discharge. In other words, 
there was no net potential difference across the whole electroplate in the 
resting state, but a spike of 150 mV. appeared during activity, the anterior 
side becoming positive to the posterior side. 

The action potential behaved in an all-or-none fashion, and could be pro- 
pagated along the electroplate when the shock was applied only at its extreme 
end. Activity could be reversibly abolished without altering the resting 
potential by washing the posterior face for a few minutes with a Ringer's — 
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solution in which all the NaCl was replaced by dextrose. Sodium-free solutions 


could be applied to the anterior face for periods up to an hour without any 
great change in either resting or action potential. 

Our results support the view that, at least in this species, the electroplate is 
a specially adapted effector. It has the properties of a modified muscle fibre 


: : which has retained a normal excitable membrane on one side, and has become 


inexcitable on the other. 
* Permanent address: Physiological Laboratory, University of Cambridge. 
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Changes in the physique of ten young men during and after 
four months of weight-lifting training. By J. M. Tanner 


The effects on baroceptor activity of the local application of 
drugs to the carotid sinus wall. By S. Lanperen, E. Nem* and 
Y. ZotreRMAN. Department of Physiology, Kungl. Veterinarhégskolan, 
Stockholm | 

Cats were used anaesthetized by intramuscular injection of 50 mg. chloralose 

and 250 mg. urethane/kg. body weight. Carotid sinus nerve potentials and 

arterial blood pressure were recorded, the latter by a condenser manometer 


_ (Jarisch & Zotterman, 1948). Chemoceptor fibres were removed by dissection ; 


baroceptor activity was studied before and after the local application of drugs. 

The injection of adrenaline or noradrenaline in the vicinity of the carotid 
sinus wall caused an increase of baroceptor activity. The action of the drugs was 
more marked on the small baroceptor fibres. Similar results were obtained 
following local application of extract of posterior lobe of pituitary, containing 
10i.u. of oxytocin and 10i.u. of vasopressin per ml. Local application of 
sodium nitrite (0-2% in Ringer’s solution) caused a reduction of baroceptor 
impulses. 

Heymans & van den Heuvel-Heymans (1950) showed that adrenaline, nor- 
adrenaline and pitressin applied to the carotid sinus in dogs caused a reflex fall 
of blood pressure. They attributed the action of these drugs to an increase of 
the intramural tension of the sinus wall which stimulated the baroceptors. 
We have confirmed these results on the cat. Our electrical studies support the 
interpretation given by the Heymans. : 


Application of papaverine hydrochloride (1/1000 solution) or tolazoline | 


(‘Priscol’ 1/100 solution) caused a rapid disappearance of the “resting” 


* On leave from the Department of Physiology, Middlesex Hospital Medica 1School, London, W. 1. 
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_ baroceptor impulses. Heymans & Heymans found that local application of 
these drugs to the sinus wall caused a reflex rise of blood pressure which they 
attributed to a fall in intramural tension decreasing baroceptor activity. 
However, these drugs in the concentrations used are local anaesthetics, as 
shown by their action on chemoceptors and taste endings, and this action 
more probably accounts for the effects observed by Heymans & Heymans. 
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Repeatable microshocks of constant strength in guinea-pig 
anaphylaxis. By H. HerxHEmMer. Unit, University College 
Hospital, London, W.C.1 

If guinea-pigs sensitized by injection to egg albumin are shocked by breathing 

egg albumin aerosol, the procedure can be interrupted just before extreme 

breathlessness would lead to convulsions. The animal recovers within a few 
hours and can be treated in the same way again. The time required to. reach 

- convulsion point will increase from exposure to exposure until the animal is 

- completely desensitized. If, on the other hand, an interval of more than one 

_ week is allowed to pass before the next exposure, the time required to reach 

convulsion point shortens again. For each guinea-pig the length of the period 

between two exposures can be found at which the time to reach convulsion 
point remains unchanged. If this period has been established for each guinea- 
pig, groups of animals with equal periods (usually 3-6 days) can be formed and 
used to test the protecting effect of anti-anaphylactic drugs or other procedures. 

Several exposures are carried out without drug influence; then, after a further 

interval of the established length, exposure is carried out under drug influence, 

and again without it after the same interval. The times required to reach 
convulsion point without and with the anti-anaphylactic procedure are then 
compared. 


The great advantage of the method is that fatal shock which can be provoked | 


by widely varying amounts of antigen excess, is avoided, and that the amounts 
of antigen and antibody reacting together are about the same at each exposure. 
Another advantage is that the mild shock. produced is, in appearance, similar 
to an acute attack of human asthma. Its disadvantages are that great accuracy 
in judging whether convulsion point has been reached cannot be achieved, and 
that some animals show wide variations. 


The normal interphase in the polyuria which follows section of the 
supraoptico-hypophyseal tracts. By W. J. O’Connor 
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Skin temperature measurements as indices of mammary activity 
during pregnancy and lactation. By V. R. Picxizs. Department 
of Physvology, King’s College, Newcastle upon Tyne 


Methods. Two experimental methods have been used, of which full accounts 
will be given among the illustrations. In the first, a standard skin thermometry 
set has been used for measuring the excess of the mammary over the sternal 
temperature. In the second and more sensitive method, adopted late in the 
pregnancy of the subject, the breast is enclosed in a plethysmograph con- 
taining two thermocouples, of which one is suspended in the air and the other 
__ is attached to the mammary skin; a third thermocouple is placed under the 

subject’s tongue. The thermocouples lead to a simple bridge circuit, which 
- includes a potentiometer whose dial can be calibrated in terms of the ratio 
(skin — air temperature) + (mouth — skin temperature). From this ratio and the 
_ sublingual and air temperatures, which are also measured, the closely related 
‘thermal circulation index’ (T.C.1.) of Burton (1934) can readily be evaluated. 

Results. The excess of the mammary over the sternal temperature increased 
_ from a mean of —0-04° C. in the first month after the probable date of con- 

ception, toa mean of + 0-33° C. in the 5th and 4th weeks ante-partum (difference 
significant : ¢=3-42, N =24). The mean T.c.1. was 4:4 during the latter period, 
and it rose significantly to 8-6 during the next fortnight (¢=4-72, N =23); but 
it fell to 7-1 in the week immediately preceding the birth (difference not signifi- 
cant : t= 1-40, N =22). The mean value on the first day post-partum was 8-2, 
on the second 9-5, and on the third day 14-5. During the next 4 days the milk 

secretion was excessive, and stilboestrol (80 mg.) was given orally; the T.0.1. 
declined to a mean of 7-3 during the 3rd to 6th weeks (s.p. = 1-8), The mean for 
the 22nd to 30th days was 6-1, a rather low value possibly correlated with signs 
of slight inadequacy of the milk at that time, and with the appearance on the 

28th day of a discharge clinically resembling a menstrual period. 
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- Fibrillation in the isolated rat-diaphragm preparation after 
denervation. By J. E. Hawt and J. A. C. Knox. Department of 
Physiology, King’s College, London, W.C. 2 


Woolsey, Hayes & Deeley (1942) demonstrated that spontaneous fibrillation 
could readily be observed in the rat diaphragm in situ after unilateral denerva- 
tion, We have attempted to determine whether such fibrillation can also be 
_ obtained in the isolated preparation and have made a preliminary study of 
some of the environmental factors which influence the fibrillation. 
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The right phrenic nerve was sectioned under anaesthesia. At varying times 
thereafter the rats were killed and the diaphragm preparations set up in the 
usual way in Krebs’s solution. Microelectrodes (Hajdu & Knox, 1950) were 
used to pick up the fibrillation action potentials. Under these conditions 
neuromuscular transmission failed between 20 and 48 hr., and fibrillation 
began between 48 and 72 hr. after nerve section. 

In Krebs’s solution of normal composition it was possible to obtain typical 
fibrillation action potentials, but the fibrillation was poorly sustained and of 
low voltage. The frequency was 2-7 per sec. and the potentials closely re- 
sembled those described by Brown (1937) in the denervated cat gastrocnemius. 
It was found that on lowering the K* content of the Krebs’s solution to approxi- 
mately one-fifth of normal (from 5-88 to 1-17 m.mole/I.) the fibrillations became 
greatly enhanced. Preparations which would not fibrillate in normal Krebs 
did so immediately on changing to low-potassium Krebs, and in all cases the 
fibrillation was sustained and of higher voltage in the latter solution. Lowering 
the Catt content did not improve the fibrillation. Small doses of decame- 
thonium abolished the fibrillation. The typical effect of 30-100g. decame- 
thonium (in the 50 ml. bath) was to cause a transient increase in fibrillation 
frequency followed by slowing and cessation of spontaneous activity. Similar 
effects were obtained with 10-100yg. of acetylcholine. It was found that when 
fibrillation was abolished by either acetylcholine or decamethonium it could 
often be temporarily restored by 100g. of adrenaline. 
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The effects of anoxia and sodium chloride on the isolated rat 
diaphragm. By M. Z. Awap and R. J. 8. McDowati. Department of 
Physiology, King’s College, London, W.C. 2 


When a rat diaphragm preparation, in oxygenated Krebs solution, is deprived 
of oxygen, there is first an augmentation of the response to a maximal indirect 
stimulus, followed by a depression which proceeds to complete neuromuscular 
block. Readmission of oxygen leads to a recovery, but even if the anoxia has 
lasted only 3-5 min., the recovery is temporary and is followed unexpectedly 
by complete block: The addition of sodium chloride to the bath prevents the 
temporary recovery and accelerates the final failure, while reduction of sodium 
chloride delays or prevents it. The results appear to ‘indicate that acute 
anoxia damages a conducting. mechanism in which sodium chloride is 


concerned. 
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_ Parallelism between the effects of anaphylactic shock and of a 


synthetic histamine releaser. By J. L. Moncar and H. O. Scart. 
From the Department of Pharmacology, University College, London — 


When histamine is released in anaphylaxis from various isolated tissues of the 


| _ guinea-pig, the quantity of histamine liberated from each tissue is characteristic 


of that tissue but bears no relation to the total amount of histamine contained 
in it (Schild, 1939). For example, the aorta and the intestine of the guinea- 


pig both contain large quantities of histamine (10-60 g./g.), but the antigen 


releases about one-third of this from the aorta and one-thirtieth or even less 
from the gut. | | 

Using a simple in vitro diffusion technique, it has been found that the 
amounts of histamine released from different tissues of the guinea-pig by the 


_ synthetic releaser 48/80 (Paton, 1951) vary in a fashion which closely parallels 


histamine release in anaphylaxis (Table 1); 48/80 also releases only a fraction 
of the histamine present; the fraction varies markedly in different tissues and 
follows closely that released in anaphylaxis, though it is generally somewhat 
larger. These results were obtained on sensitized tissues. When non-sensitized 
tissues are used the antigen releases no histamine, but 48/80 releases similar 
amounts to those which it releases from sensitized tissues. | 


1, of total by 48/00 (1 nad ogg albumin (1 mig./ml.) 


from the isolated tissues of a guinea-pig sensitized to egg albumin. The tissues were incubated 
for 10 min. at 37° C. in the presence of the releaser. Each result is the mean of 3-5 experi- 


Tissue 48/80 Egg albumin 
Striated muscle (diaphragm) 44 43 
Aorta 48 31 
Uterus 39 36 
Heart muscle 37 22 
Bladder 28 27 
Oeso 

14 

Stomach 9 ll 
8 

Large intestine 6 4 
Small intestine 3 2 


Another way of showing that only a limited amount of histamine is available 


_ for release is to immerse the sensitized tissue first in a solution of 48/80 and 


then in a solution of the antigen. Ifa sufficient concentration of 48/80 is used, 


_ very little histamine is released by the antigen. In the converse experiment, 


however, when the antigen is added first, a subsequent addition of 48/80 


_ generally causes a further liberation of histamine. This may be due to the fact 
~ that in the process of active sensitization the antibody is not fixed by all cells 
- capable of releasing histamine, thus allowing the 48/80 to liberate histamine 
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from non-sensitized cells. If, however, the synthetic releaser is added first, all 
the histamine available for release becomes exhausted and a further addition of 
the antigen is now ineffective. 
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Spatial summation at the absolute threshold of peripheral vision. 


By E. J. Denon and M. H. Prrenne. Physiology Department, Marischal 


College, Aberdeen 


Experiments were made on the dark-adapted human eye using two test fields, 
Aand B, each 10 min. of arc in diameter, which were placed at various distances 
from each other and from a fixation point. Green light (Ilford filter 604) of 
dominant wave-length 0-518, could be flashed for durations of 0-0026 sec. 
(pendulum shutter) on A alone, on B alone, or on A and B together. When the 
centres of fields A and B were 30 min. apart and 20° from the fixation point, 
a typical result was the following: For A alone the frequency of seeing was 
9/60=0-15; for B alone, 6/60=0-10; for A and B together, 23/60 =0-38 (the 
mean content of one flash per field being 36 quanta at the cornea). On the 
assumption that A and B act on independent retinal units, the frequency of 
seeing for A and B together would be 1—(1—0-15) x (1—0-10)=0-24. The 
experimental result for A + B is higher than this, thus indicating the existence 
of physiological summation, but this summation is not complete. Doubling 
the mean content of the flashes (72 hy per field) the frequency for A alone was 
0-46 and for B alone 0-52; these values are higher than that for A+B with 
36 hv per field. When A and B were placed 34° apart, however, they appeared 
to act independently of one another, a typical result being: A, 0-28; B, 0-30; 
A+B, 0-52 (102 hy per field). The same calculation as above gives 0°51 for 
A+B assuming they act independently. Similarly partial summation was 
found 7° laterally for 10 min. fields whose centres were }° apart. 

Thus it seems that the periphery of the human retina contain functional units 
at least $° but less than 3}° across. Summation takes place to a certain extent 
inside each of these units, but there seems to be neither summation nor inhibition 
between different units in the present conditions (cf. Pirenne, 1948, 1951). 

The principle of the energy calibrations consisted of making a visual match, 
through the colour filter, between the field of view of the apparatus and a MgO 
surface illuminated by a lamp calibrated by the N.P.L. for both candle power 
and colour temperature. For a 10 min. field placed 20° or 7° from the fovea 
and exposed for 0-0026 sec., the average value of the absolute threshold (0-60 
frequency of seeing) corresponded at the cornea to about 100 quanta or 
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_ 4x 10-1 erg of A=0-510, in the case of subject M.H.P. For the same subject 
it was between 3 and 5:3 x 10-” erg at 20° laterally in a different investigation 
(Hecht, Shlaer & Pirenne, 1942) whose results thus find confirmation here. 


We are greatly indebted to the Medical Research Council for an apparatus grant. 
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Green-coloured rods and retinal sensitivity. By E. J. Denton and 
M. H, Prrenne. Department of Physiology, Marischal College, Aberdeen 


In the course of present work on Xenopus laevis (Denton & Pirenne, 1951) 
fresh retinae from dark-adapted animals were examined microscopically. The 
rods of Xenopus are of two kinds, the ‘red’ and the ‘green’. These two kinds 
- of rod are found in both the central and peripheral parts of the retina, there 
being about thirty red rods to one green one, the same ratio as in the frog. The 
_ green rods bleach in white light as do the red ones. Red and green rods are 
described for the frog and some other amphibia by several workers—the terms 
‘red’ and ‘green’ here refer only to the coloured appearance of the rods under 
_ the microscope (Boll, 1876; Kiihne, 1878; Rochon-Duvigneaud, 1943). 

It seems that the green rods might appreciably affect not only the spectral 
sensitivity curves observed for these Amphibia, but also the absorption curves 
of retinal extracts. To give examples, it is well known that the human scotopic 
visibility curve (Crawford, 1949) is narrower to the red side of its maximum than 
_ the absorption curve of frog’s visual purple (Stiles, 1948). A similar discrepancy 
was observed (Donner & Granit, 1949) between the scotopic sensitivity curve 
of the cat and the absorption curve of frog’s visual purple for infinite dilution. 
Hitherto it has been suggested that this is so because the human, cat and 
frog visual purples are different or because the visual purple molecules are 
orientated in a special way in the living rod. Now the pigment from the green 
_ rods is probably extracted along with the red pigment and presumably absorbs 
mostly at the ends of the spectrum. Its presence will have little effect on the 
absorption curve of the extract around the peak of absorption of the red pig- 
- ment. At the red end of the spectrum, however, where the red pigment absorbs 
very little light, the green pigment may significantly affect the absorption 
curve. Suppose, for example, the red pigment in its rod absorbs 10% of 

-O-51p and 0-01% of 0-62, whilst the green pigment in its rod absorbs 0-1% 
_ of O-5lp and 1% of 0-62. Then the combined absorptions when the green 
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it is 10% for 0-51. Indeed, the discrepancy between the human, cat and frog 
curves could thus be accounted for. 

It seems that the presence of the green rods in frog retinae and the possible 
change they may produce in the absorption curve of frog’ s visual purple ought 
not to be disregarded when making accurate comparisons between visibility 
curves and the frog visual purple absorption curve (Dartnall & Goodeve, 1937; 

‘Hecht, Shlaer & Pirenne, 1942; Pirenne, 1948; Donner & Granit, 1949). 

It may be that this uncertainty can be resolved by measurements of both 
spectral sensitivity and the absorption curve of visual purple of salamander. 
Salamander has only red rods (Rochon-Duvigneaud, 1943). 
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The effect of ATP on unimolecular films of myosin and actomyosin. 
By D. F. Cuzgsman. Department of Physiology, Bedford College, Uni- 
versity of London 
Munch-Petersen (1948) has reported an ‘expanding effect’ of ATP on Silo. 
cular films of myosin and actomyosin spread at the air-water interface. She 
attributes this effect to a combination of ATP with the protein. 

It has been found that injection of ATP into the substrate has no such effect 
upon fully spread films of myosin and actomyosin. It does, however, accelerate 
the spreading of incompletely spread films of actomyosin and delay the more 
rapid spreading of actin-free myosin. These effects are probably due to an 
attack by ATP on linkages essential to the particulate structure of the proteins 
in solution. That the groups involved in these linkages are irreversibly altered 
by the ATP in the spread protein is shown by the reduced elasticity of the 
films as compared with those spread in the absence of ATP (Cheesman & Sten- 
Knudsen, in preparation). The absence of a measurable effect of ATP on the 
phase-boundary potentials of myosin and actomyosin films suggests that the 
groups altered by ATP in each protein molecule are few. 
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If it be assumed that the linkages attacked by ATP are the sites of the 
enzymic activity of the protein, the degree of the mechanical effect renders it 


probable that adenosinetriphosphatase activity is a function of the myosin 
_ molecule as a whole. 
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The vasodilator activity of spinal roots. By F. A. Hoxton and 
Pameta Hoxron.* Molteno Institute and Physiological Laboratory, 
University of Cambridge 


Dale (1935) suggested that the unknown vasodilator substance released by 
antidromic stimulation of sensory nerves might be the transmitter of these — 
nerve fibres in the spinal cord. This suggestion formed the basis of an in- 
vestigation by Hellauer & Umrath (1948; Umrath & Hellauer, 1948) of the 
properties of spinal roots. They found that dorsal roots contain a vasodilator 
substance which is absent from ventral roots and which is not acetylcholine 
or histamine. The substance was destroyed by an enzyme which was present 
in greater concentration in dorsal than in ventral roots and which was 
inhibited by strychnine. 

We have carried out experiments designed to confirm these observations, 
using the method of Holton & Perry (1951) for the detection and assay of the 
vasodilator substance. The following results were obtained: 

(1) Both dorsal and ventral root extracts contain an unknown vasodilator 
substance. 

(2) The substance dialyses slowly through to ts, It is heat-stable but 
is destroyed slowly by heating with alkali and rapidly by heating with acid. 
The substance is not identical with acetylcholine, histamine, substance P, 
adenosine, bradykinin or kallikrein. 

(3) Acetone-dried powders of both dorsal and ventral roots contain the 
vasodilator substance and an enzyme which destroys it so that 90% of the 
activity is lost after 30 min. incubation. These results are in contrast to those 
of Hellauer & Umrath who used much longer incubation periods in their 
experiments. 

(4) Fregh saline extracts of ventral roots lose activity at the same rate as 


extracts of acetone-dried powders (i.e. 90% loss in 30 min.) but extracts of 


dorsal roots lose activity very much more slowly (75% of the activity remains — 


after 2 hr. incubation). 


This work confirms that of Hellauer & Umrath in some respects. We differ 
from = however, in finding the vasodilator substance in ventral roots. 
* Beit Memorial Research Fellow. 
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Our extracts were prepared so as to prevent enzymic destruction of the sub- 
stance; the different behaviour of unboiled saline extracts of dorsal and ventral 
roots on brief incubation may account for the failure of Hellauer and Umrath 
to find vasodilator activity in ventral roots. 


This work was carried out during tenure of grants from the University of Cambridge and the 
Agricultural Research Council (F. A. H.) and from the Medical Research Council (P. H.) 
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The effect of calcium and potassium on the action of histamine 
on guinea-pig ileum. By J. D. P. Granam. Welsh National School 
of Medicine, Cardiff 

Ambache (1946) has suggested that histamine, barium and potassium act on 

intestinal strips by releasing acetylcholine. The effects of modifying the ionic 

constitution of bath fluids on responses to the latter agent being known, a 

comparison was made with histamine and barium. Histamine or acetyl- 

choline 10-*, or barium chloride 10-> was allowed to act for half a minute in a 

4 min. cycle on isolated strips of ileum, oxygenated with 5% CO, to pH 7-3, 

osmotic pressure adjusted if necessary when CaCl, was varied from 0-001-0-1% 

and KCl from 0-001-0-4% in steps. 

Reduction of the calcium content reduced the response to added histamine, 
acetylcholine and barium. Recovery of the response took place on increasing 
the calcium, rapidly in the cases of the first two agents (<4 min.), more slowly 
with barium (>8 min.). The peak responses were obtained with a calcium 
content of 0-022°%. Further increases of calcium reduced responses markedly. 


Reductions of potassium reduced the responses to all three agents. Regular 


increments in potassium content restored the responses. This restoration took 
place slowly. Accordingly, concentrations of KCl which, if allowed to act for 
a long time, would inhibit responses, did, on application in graded increments 
at regular intervals of 4 min., increase responses, so that the optimum con- 
centration of KCl was much higher. Maximum responses occurred with a 
greater excess of potassium (0-1 %) than of calcium (0-022 %).: Further increase 
reduced responses sharply. : 

The rate of restoration of potassium is slower than that of calcium when 
depleted fluids are replaced with normal solutions. The effect of modifying 
calcium and potassium is to diminish the response to histamine, acetylcholine 
and barium when either cation is changed from an optimum concentration. 
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: The similarity in behaviour of these three agents in relation to calcium and 
_ potassium supports the thesis of Ambache that they have a common mechanism 
of action on strips of intestine. Ions of calcium and potassium frequently 


_ exert opposing influences on biological phenomena, perhaps related to their 


: respective extracellular and intracellular positions as commonly described. 
_ With regard to the relationship noted here it may be significant that Scott 
_ (1940), from studies with the electron microscope, describes calcium as being 
_ almost entirely intracellular in the smooth muscle cells of mammalian intestine. 
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Relationship between anti-adrenaline and anti-histamine activity | 


in a series of ®B-haloethylamines. By J. D. P. Granam and 
G. P. Lewis. Welsh National School of Medicine, Cardiff 


The compounds referred to, N-1-naphthylmethyl-N-ethyl-haloethylamines, 
are congeners of dibenamine. Chapman, James, Graham & Lewis (1951) have 
_- shown that, in this series, where the halogen is F, anti-histamine and anti- 
adrenaline activity is minimal or absent; where it is Cl, activity is maximal; 
_ and bromo- and iodo-derivatives are roughly equipotent. 
_ It was found in preliminary experiments that 1 mg./kg. of the active agents 
was sufficient to inhibit the hypotensor effects of histamine and reverse the 
_ pressor response to adrenaline in cats. A series of chloralosed cats was injected 
with adrenaline 2, 4, 8, 16 wg./kg. and histamine 2, 4, 8 ug./kg., followed by 
B-haloethylamine 1 mg./kg. The histamine and adrenaline were repeated at 
intervals of 5, 10, 60, 120, 180 and 240 min. In this way it was shown that the 


onset of antagonism is rapid (reversal of adrenaline and inhibition of histamine 


in 5 min., compared with dibenamine which takes about 1 hr. to reverse 
adrenaline and does not inhibit histamine). With such a dose of agent, 
' adrenaline reversal lasts for over 3 hr. and histamine antagonism for 14 hr. 

It has been found that inhibition of histamine is ‘competitive’ at all dose 
levels of the agent, whereas antagonism of adrenaline is ‘competitive’ with 
small doses of the agent (less than 0-5 mg./kg.), but with larger doses ‘absolute’ 


» antagonism is quickly established and maintained. Sodium thiosulphate in 


amounts of 1-0 g./kg. injected slowly as 5% solution prevents antagonism of 
adrenaline by these agents, but inhibition of histamine is not affected. After 
treatment with thiosulphate the action of histamine is restored over a period 
of 1} hr. in the normal way as the inhibition passes off. The pressor effect of 
- adrenaline is, however, potentiated for over 3 hr. This apparent anomaly may 
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be explained by the observation that small doses of these agents (5-50 y.g./kg.) 
potentiate adrenaline while inhibiting histamine. It may be that thiosulphate 
does not completely inhibit the formation of intermediates from these 
compounds, 

Several points of difference have thus been established between the action of 
these agents in antagonizing adrenaline and histamine. 


REFERENCE 
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Intercellular plasma of centrifuged human erythrocytes. By 
M. Marzets. Department of Clinical Pathology, University College Hospital, 
London, W.C. 1 


Intercellular plasma (1.c.P.) in scaikitiiiaih cells may be estimated by washing 
plasma from the cell mass with saline and comparing the amount of a given 
constituent in the washings with that in the original plasma. The constituent 
may be native or foreign, any substance serving which does not penetrate into 
or adsorb on the erythrocyte. Leeson & Reeve (1951), using protein labelled 
with J, found 1.c.P. to be about 5% after 30 min. at 15009. They suggested 
(without evidence) that the lower figures that I obtained using T-1824 as a 
_ marker (Maizels, 1945) were due to a failure to wash all the plasma out of the 
cells. To show that washing was adequate, I repeated the 1945 experiments, 
successive washings being examined separately instead of in a single pool. 
Primary centrifuging (separating cells from plasma) lasted 30 min. at 1500 g; 
secondary centrifugings (separating cells from saline-wash) varied: 5 min. 
in nos. 1-6; 30 min. for nos. 7 and 8 (Table 1). 


TaBLE 1. Intercellular plasma in centrifuged human erythrocytes (g = 1500) 7 mm. tubes 
| Plasma (ml.) removed from 100 ml. packed 
cells by successive washes 


Time A 

Blood (min.) coat First Second Third Total 
1 15 Present 3-48 0-31 0-05 3°84 
30 Present 2-40 0-18 0-04 2-62 

2 15 Present 3-35 0-26 0-06 3-67 
30 Present 2-84 0:27 0-04 3-15 

3 30 Present 2-31 0-25 0-05 2-61 
4 30 Present 2-37 0-31 0-04 2-72 
5 30 Absent 2-37 0-23 0-05 2-65 
6 30 Absent 1-96 0-20 0-03 2-19 
7 30 Absent 2-12 0-10 0 2-22 
8 30 Absent 2-45 0-09 0 (2-54 


is about 2-5%, that in nos. 1-6 a third wash 
was unnecessary and that in nos. 7 and 8 a single wash sufficed. The table also 
shows that centrifuging for 15 min. at 15009 gives high values (confirming 
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~ Jackson & Nutt, 1951), though results after 30 min. compare with those of 
_ Jackson & Nutt using faster rates for shorter times. 
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In 1945, using plasma protein as a natural marker, I found 1.0.P. to be 2-3%. 
The high figures of Leeson & Reeve may be due to modification of their protein 
(byiodinating and alkalizing) and its subsequent adsorption on the red cells. The 
observation that such cells (presumably washed and placed in buffer) migrate 
normally in an electrical field, is irrelevant, while the fact that iodide absorbs 
much more strongly than phosphate or chloride on starch, collagen, insoluble 
proteins and red cells suggests that the choice of an iodized marker was unhappy. 
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An automatic respiratory amplifier. By Ian Donatp and 
I. MaurEEN Youna.* St Thomas’s Hospital Medical School, London 


This apparatus is designed, primarily, for the treatment and investigation of 
atelectasis neonatorum, by synchronously amplifying the baby’s weak respira- 
tory effort, however irregular. ‘Protest apnoea’ and alkalotic tetany from 
hyperventilation are thus avoided. 

Reservoir tanks are tapped by solenoid-operated valves to deliver the 
necessary impulses. The commencement of inspiration is instantly picked up 
in the first 0-1-0-2 ml. by a photoelectric cell, which is illuminated by a mirror 
on the inspiratory valve of the head tank, and after amplification is passed 
through an electronic weld-timer apparatus which introduces a following 
refractory phase, which is adjustable, in order to filter off further photo- 
electric interference current which may otherwise cause false and repetitive 
triggering before the full completion of each respiratory cycle. — 

The amplified impulse is then fed through a relay box which steps up the 
_ current to the necessary amperage to operate the valve solenoids and intro- 

| duces a series of electrical interlocks which determine the orderly completion 
_ of the full respiratory cycle, following which atmospheric pressure in the body 
_ chamber is regained, until the next breath triggers off the cycle again. 

_ _The negative and positive pressures employed are pre-set on aircraft con- 

 tacting altimeters which, being connected with the system of relays, as shown, 


cut out these pressures as soon as they are reached, prevent their being exceeded 


: | and immediately initiate the next phase of the respiratory cycle as appropriate. 
It has been found, both from work done on the new-born infant and on cats 
paralysed with decamethonium that only very small pressures, often below 


* The funds for the construction of this apparatus were provided partly from the Endowment — 
of St Thomas’s Hospital. 
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10 mm. of mercury, are adequate. The absolute and relative lengths of both 
inspiratory and expiratory phases are controllable by the vacuum and pressure 
blast gates which determine the rate at which the ‘pre-set pressures on the 
contacting altimeters are achieved. Where the subject shows no attempt at 
spontaneous respiration, the photoelectric mechanism is cut out, and the 
electronic timer will then supply cycles at any desired frequency, and there 
is, in addition, an emergency initiating button switch. 


Key to schematic diagram 


1, pump driving motor; 2, air-vane pump; 3, vacuum reservoir; 4, pressure reservoir; 5, 
solenoid-operated vacuum valve; 6, solenoid-operated pressure valve; 7, vacuum gauge; 8, pressure 
gauge; 9, vacuum relief valve; 10, pressure relief valve; 11, vacuum blast gate; 12, pressure blast 
gate; 13, solenoid-operated atmosphere valve; 14, body tank; 15, head tank; 16, neck seal; 
17, manometer; 18 recording displacement error compensator; 19, expiratory non-return valve; 
20, recording apparatus; 21, inspiratory non-return valve; 22, reflector; 23, air inlet; 24, oxygen 
inlet; 25, photo-electric cell; 26, P.E. cell illuminator; 27, P.E. cell amplifier; 28, lens; 29, master 
relay; 30, emergency push button; 31, automatic timer control switch; 32, electronic cycle timer 
and regulator; 33, timer relay; 34, pressure interruptor; 35, vacuum interruptor; 36, vacuum to 
pressure change over control; 37, relay pack; 38, rectifier, 230 V.A.C./24 V.D.C. 


Recording of tidal air and minute volume, whether respiration is assisted 
or not, is achieved by a variable leak method (Paton, 1949). Both the opera- 
tion of the apparatus and accuracy of recording depend upon obtaining a seal 
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at the neck, which is leak-proof but does not constrict the neck. Anchorage 


_ of the baby to prevent ‘pistoning’ is also necessary. Both objectives are 


achieved by using an alginate solution (Duplitt) which sets to a firm jelly 
around the neck within a few minutes, and so provides a wide encircling cushion 
and a perfect and natural airtight fit. This method reduces piston displacement 
in the head chamber to about 3 ml., this residual error is then eliminated by 
the compensator which consists of a fine rubber diaphragm applied lightly to 


the vault of the skull and communicates with the outside atmosphere. 


REFERENCE 
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A simple vibrator for kymograph recording. By I. Anperson and 
I. D. Fercuson. Institute of Physiology, University of Glasgow 


Friction impairs the accuracy of a record made by a lever writing on smoked 
paper especially when the movement is slight and develops slowly. To minimize 
this error it is customary to attach a vibrator to the upright carrying the lever. 


Fig. 1. Vibrator adapted from electric bell with gong removed. Bakelite cover not shown 


A, holding screw; B, brass block; C, screw with knurled head; D, gong bracket; H, hamme 
arm; P, rubber pad; Q, closed ‘X’ block; R, threaded brass rod. 


"The vibrator described is easily and cheaply adapted from an electric bel 
- movement. It is quiet in action, and the amplitude of vibration can be 


4 adjusted as required. 
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The gong is removed from an electric bell. A brass block (B) is fixed to the 
gong bracket (D) by a screw (A). A threaded brass rod (2) passes through the 
block. A rubber pad (P) is attached to the end of the rod facing the hammer 
arm (H). Screwing the pad closer to the hammer arm decreases the amplitude 
of vibration. A screw with knurled head (C) fixes the threaded rod (2) in any 
position, Attachment of the vibrator to the apparatus is made by a closed ‘ X’ 
block (Q) which is screwed to the gong bracket. The vibrator is driven from 
an a.c. bell transformer connected to the mains supply. 


A scintillation y-counter for radio-potassium. By P. A. Merron. 
M.R.C. Neurological Research Unit, National Hospital, Queen Square, 
London 

Scintillation counters are ten to fifty times more efficient for y-rays than 
Geiger counters. (Cost, however, is increased in about the same ratio.) High 
efficiency is particularly necessary for external counting in the human subject 
with “K because only 25% of disintegrations give a y-ray. The principle is 


Detachable lead 


collimator 
Photo-multiplier 
—Nal crystal 
Carrying 
Resistor chain 
shield 


0 5 10cm. 


that y-rays absorbed in a suitable crystal produce minute flashes of light; these 
are converted to electrical pulses by a multiplier-photocell and, after some 
further amplification, counted in a conventional scaler. Construction is 
unexpectedly straightforward; the instrument demonstrated was made in 
a fortnight, operated correctly at the first trial, and has required no attention 
since. The design is due to A.E.R.E., Harwell (Owen & Sayle, 1951). A crystal 
of thallium-activated sodium iodide (about 75 g.) backed with surface-silvered 
mirror is sealed in a perspex box under dry medicinal paraffin. Crystals may 
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be grown (Owen, 1951) or obtained from Messrs Hilger and Watts. The 
assembly of crystal and photo-multiplier (E.M.I. Type 6260) with its base and 
resistor chain is shielded in all directions, except through the collimating orifice, 
by 5 cm. of lead. This is necessary because of the penetrating y-rays from “K 
(1-5 MeV.). For the present application the unit is carried in a tubular steel 
frame on rollers so that it can be moved about under a bed. Narrower collima- 
tion can be obtained by operating the counter upside down with the lead end- 
plug at the crystal end. 

Stabilized E.H.T. for the photo-multiplier is taken from a Power Unit Type 
200. The three-valve amplifier has a gain of 70 and a band-width of 2 Mc. 
(a circuit, gamma Counter Type 1186A, which includes the photo-multiplier, 
can be obtained from the Director, A.E.R.E.). It is designed to work into 
a Scaler Type 1009A, which has a pulse discriminator. With the old Scaler 
Type 200A, in the demonstration, satisfactory discrimination is obtained by 
taking the input grid leak R5 to an adjustable negative voltage. _ 

The background is 240 c.p.m.; luc. of “K at 50 cm. gives an extra 75 c.p.m. 
The corresponding figures for a G10c Geiger counter (Twentieth Century 
Electronics) were 20 c.p.m. and 4-5 c.p.m. The efficiency of the scintillation 
counter in terms of counts per incident y quantum is 30%. 

I have received invaluable assistance from the staff of A.E.R.E., Harwell, and from 
Dr J. D. McGee of E.M.I., Ltd. 
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An apparatus for testing visual discrimination in cats. By R. GuntEr. 
Group for Research in the Physiology of Vision, Institute of Ophthalmology, 
University of London : 7 

This apparatus, described previously (Gunter, 1951), has been used to 

investigate the sensitivity of the cat to lights of different wavelengths. Light 

from a projector lamp is passed through a condenser lens, heat-absorbing 
glass (ON 20), colour filters and neutral density filters (or optical wedges) and 
is projected on to a glass screen in either door of the apparatus. The current 
supply is either stabilized 230 V. a.c. mains or 24 V. d.c. obtained from batteries. 
In experiments on dark-adapted animals the doors are wired in such a way 


that the stimulus light is cut out when the animal pushes open the door. 


The animal is first trained in the discrimination of two different light 


_ intensities—one high and one low—presented simultaneously on the two 
_ stimulus panels. The animal responds to the stimuli by pushing open one of 
the doors to get to the food. By rewarding responses to the positive and 
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darker light stimulus and by not reinforcing the negative and brighter stimulus, 
the animals learned in an average of 170 trials to choose the darker of any two 
light intensities irrespective of their absolute values. Thirty consecutive correct 
responses were accepted as a criterion for learning. When this discrimination 
had been learned, the neutral density filters were exchanged for various Ilford 
spectrum colour filters to which the animals readily transferred their positive 
response. The intensity of the coloured stimulus is kept constant while the 
white light intensity is varied. Under these conditions the response of the 
animal to the positive (coloured) light: stimulus falls from 100% correct to 
0% correct in a normal distribution, and the ratio of intensity of white light 
to coloured light to which the animal gives a 50% response is the point of 
subjective equality between the white and the coloured light stimulus. 


REFERENCE 
Gunter, R. (1951). J. Physiol. 114, 8. 


Neutron cataract in a rabbit. By KaTHaRINE TANSLEY 


Pulmonary perfusion of isolated cat lungs. By HeLen N. Duke 
and Estuer M. Kitiick 


Growth rate of cats reared in the laboratory. By Patricia P. Scorr 


Correlation of histochemical and manometric studies on cholin- 
esterase activity in the diaphragm. By K. Hetimann and 
F. 


Thyroid hormone and amine oxidase in the liver. By J. H. Burn 
and A. Spinks. Department of Pharmacology, University of Oaford 

A subcutaneous injection of adrenaline into a rabbit causes hyperglycaemia 
which lasts for some hours. The degree of hyperglycaemia was shown by Burn 
& Marks (1925) to be reduced by thyroidectomy, and to be increased by feeding 
thyroid. We have now studied the effect of thyroidectomy and of feeding 
thyroid on the amount of amine oxidase in the liver. | 

We find that thyroid feeding decreases the amount of amine oxidase in 
the liver of rabbits. Thyroidectomy increases the amount of amine oxidase 
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in the liver of rabbits and rats. In rabbits the increase was not quite 
significant (P= 0-07), but it is supported by the result in rats (P< 0-001) and 
by the converse effect of thyroid feeding (P=0-0015). Rats fed with thyroid 
have not been studied. The changes were observed whether the amine oxidase 
activity was expressed per 100 mg. liver or per g. body weight or per mg. liver 
nitrogen. 

Our mean results, when expressed as l.0,/15 min./mg. liver nitrogen 
(substrate m/50-tyramine), are as follows: | | 


TasBiE 1. Amine oxidase content of liver 


Rabbits Rats 
Standard Standard. 
Mean deviation Mean deviation 
Controls 35-1 (17) 41 16-0 (7) 1-4 
Thyroidectomized 38-9 (8) 56 21-0 (8) 26 
Thyroid fed 29-4 (13) 4-6 — — 


(Figures in brackets are numbers of animals.) 


The changes in the amount of amine oxidase may explain the changes in the 
degree of adrenaline hyperglycaemia. 


REFERENCE 
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Comparative studies of the distribution of chloride between plasma 
and aqueous humour. By Hvex Davson, P. A. Matcuetr and 
J.R. E. Roperts (Medical Research Council). Department of Physiology, 
University College, London é 


In the dog, cat and man it has been shown that the distribution of chloride 
between plasma and aqueous humour departs significantly from the require- 
ments of a Gibbs-Donnan equilibrium. Recently, Kinsey (1949) has described 
this departure from equilibrium as an artefact, due to the use of the Sendroy 
(1937) technique. In the present work the matter has been reinvestigated, 
using the Sendroy, Volhard and Schales & Schales (1941) methods in the cat, 
and the Volhard method alone in a number of other species. In the cat the 
ratio [Cl], /[Cl]aqg. was 0°94, 0-94 and 0-95 according to the method used, 
comparing with a Gibbs-Donnan distribution of 0-97. The Volhard method 
was chosen as the least equivocal in its specificity for Cl, and applied to 
studies of other species; the results have been plotted in the accompanying 
graph, and show that there is some correlation between the value of the ratio 
and the mass of the intraocular contents, i.e. size of the eye; thus in the 
horse eye the ratio is 0-84 whilst in the guinea-pig eye it is 1-07. It should be 
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noted that, whereas the deviation from Gibbs-Donnan distribution in the 
horse is such that there is an excess of Cl in the aqueous humour, in the 
guinea-pig the excess is in the plasma. In all species examined, dialysis of the 
aqueous humour against plasma caused a redistribution of Cl” to give an 
equilibrium ratio of 0-97-0-99. In a group of rabbits, both the cerebro-spinal 
fluid and aqueous humour were analysed, and it is of interest that, whereas 
the ratio for the aqueous humour was 0-99, i.e. exhibiting approximate 
equilibrium, that of the cerebrospinal fluid was 0-825, a ratio very similar to 


0 10 20 30 40 50 60 70 80 90 
Vitreous + aqueous + lens (g.) 
that of the horse aqueous humour. The chloride distribution in the dog showed 
a definite correlation with age of the animal, the average of a group of pups 
3-5 months old being 0-97, whilst a group of adult dogs gave a ratio of 0-93. 
No great variability was found in the distribution of Na*, which showed ratios 
between the limits 1-04-1-07; in the cases examined, Na* diffused from the 
aqueous humour to the plasma on dialysis. 


We should like to thank Dr J. 8. Paterson for making available facilities at the Experimental 
Farm, Porton, and co-operating in the experiments on large animals. 
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Effects of removal of enteric plexuses on the reaction of intestinal 
circular muscle to drugs. By D. H. L. Evans and H. O. Scuitp 


An electromyographic study of the role of the abdominal muscles 
in breathing. By E. J. M. Campsett. of Physiology, 
Middlesex Hospital Medical School, London, W.1 


The electromyograms of the external oblique and rectus dient muscles 


of ten young men were studied using pairs of needle electrodes connected with 
an Ediswan four-channel amplifier and ink-writing oscillographs. The elec- 


trodes in the external oblique were placed in the anterior axillary line midway 


between the iliac crest and the costal margin; the electrodes in the rectus 
abdominis were at the level of the umbilicus. The subjects were examined 
while in the supine position. 

A 6L Kendrick spirometer was used to obtain a record of the respiration. 
The pulley wheel of the spirometer was connected to a writing point on the 
electromyograph recording paper. 

When the subject was relaxed there was no activity during quiet breathing. 
Pain or fear of pain in the muscles readily caused activity which was some- 
times related to respiration. They were also found to contract in the following 
circumstances: 

(i) During maximal voluntary expiration. 


(u) Towards the end of maximal voluntary inspiration et not during 


inspiration when the breathing was increased by asphyxia. — 

(ii) During expiration when the volume of the breathing was increased by 
asphyxia. This activity appeared first towards the end of expiration, and was 
always more marked towards the end of expiration; it was never prominent 
at the beginning of expiration. The pulmonary ventilation volume at which 
activity first appeared varied greatly between the subjects. The lowest was 
18 1./min. and the highest 65 1./min. 

Contraction of the abdominal muscles is one of the factors limiting voluntary 
inspiration, but it is not an important factor limiting the depth of inspiration 
during increased breathing due to asphyxia. Contraction of the abdominal 
muscles is associated with the completion of expiration rather than its initia- 
tion. A great increase in pulmonary ventilation may occur before the abdominal 
muscles are used to aid expiration. 
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Comparison of creatinine and inulin clearances in young children. 
By 8. A. Doxrapis and Marcaret K. Goiprinca. Department of Child 
Health, University of Sheffield 

Simultaneous estimations of ‘endogenous’ creatinine and of inulin clearance 

were made in young children to assess the value of the ‘endogenous’ creatinine 

clearance as a measure of the glomerular filtration rate. Twenty-one experi- 


ments involving seventy-two collection periods were made on infants and 


young children aged 6-42 months and on three older children, 9-11 years old. 
Inulin was injected subcutaneously with hyaluronidase. The values of the 
inulin clearance when corrected to a surface area of 1-73 sq.m. fell within the 
accepted range for normal subjects. The ratio of the ‘endogenous’ creatinine 
to the inulin clearance varied in the younger age group (6-42 months) from 
0-34 to 0-67 with an average of 0-51. In the three older children the ratios 
were 0-68, 0-73 and 0-78. Thus, contrary to the results of previous workers on 
adult subjects, the clearance of ‘endogenous’ creatinine cannot be used as 
a measure of the glomerular filtration rate in infants and young children. 


Interchangeability of diet and light in rat breeding. By D. Pauiine 
ALExanDeR and J. F. D. Frazer. Physiology Department, St Mary’s 
Hospital Medical School, London | 

The rats used were from a mixed stock derived from the interbreeding of 

Wistar albinos and Lister hooded strains, which had been interbred since 1942. 

During this period breeding performance had been poor during the winter 

months but good in the summer. The rats had been kept on a constant diet in 

a room where the temperature was thermostatically controlled at 70° F., with 

a large window admitting daylight. During the winter months lights were 

kept on between dusk and 5 p.m. 

The experiments described were performed in two sections, in the autumns 
of 1950 and 1951 respectively. In both sections all the female rats were swabbed 
daily. | 

In 1950 for two months the lights were kept on until 5 p.m.; in the succeeding 


third month lighting was extended until 10 p.m. In both these periods 13-14% _ 


of females were found in oestrus, but in the first period 16% of these mated, 
whereas in the second period this increased from 16 to 49% (P <0-001). 

In 1951 four groups of females were made up, two each in two rooms, 
A and B. In each room one group was fed on the old stock diet and another 
on Bruce & Parkes’s (1949) Diet 41, all being given water and fresh greens 
daily. Both rooms had no windows but were fitted with twin fluorescent 
80 W. tubes which were kept on from 9 a.m. to 5 p.m. In room B an additional 
100 W. argon filament lamp remained lighted from 9 a.m. to 10 p.m. (13 hr.). 
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_ a maximum within 1 min. of the completion of the injection, and was 91% of 


SOCIETY, 19 JANUARY 1952 | 51P 


The cages were kept six feet from these lights. In all groups the incidence of 
oestrus was identical, but in one group mating was only half that in the other 
three groups. This group had the old stock diet and the room was lighted until 
5p.m.only. 


TaBLe of diets. 


Fives: Stock diet Diet 41 
White 35 
Wholemeal 46 

Ground oats — 40 

Fish meal ~— 8 

Milk: 

Full-cream dried 16 doe 
Dried skimmed — 3 
44 

15 1 

Yeast extract 15 —_— 

Cod-liver oil 1 

NaCl l 1 


The group receiving diet 41 on 8 hr. illumination bred as well as those on 
13 hr. illumination, and the mating performance of those on the old stock diet 
could be improved to that of the rats on diet 41 by extending the period of 
illumination by 5 hr. Clearly, therefore, the extra lighting replaced the 
deficiencies in the old stock diet but did not enhance mating in those on 
diet 41. 

REFERENCE 
Bruce, H. M. & Parkes, A. 8. (1949). J. Hyg., Camb., 47, 202. 


The behaviour of radio-potassium in man. By B. McArpte and 
P, A. Merton. M.R.C. Units at Guy’s Hospital and the National Hospital, 
Queen Square, London 

The distribution of tracer doses of **K has been followed with similar results 

in a healthy subject (B.McA.) and a patient with familial periodic paralysis 

(F.P.P.) between attacks (see Fig.). 20 mg. of K containing 100 uc. “K were 

given intravenously at a rate of 4 mg./min. The serum K concentration could 


: have increased little (<3), nevertheless the liver immediately took up 


most of the dose. Exchange with the remainder of the body K occupied 
about 24 hr.; urine and serum specific activities then reached a steady value. 
Total exchangeable K was 150 g. in B.McA. (wt. 75 kg.) and 110 g. in F.P.P. 
(wt. 65 kg.). These results agree with those of Corsa, Olney & Steenburg 
(1950). Cellular water volumes (McCance & Widdowson, 1951) ,were: B.McA. 
30-5 F.P.P. 21-4 1. 

The activity over the liver, estimated with a y-counter (Merton, 1952), was 


> 
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the count obtained before injection with the syringe in the position of the liver 
(no corrections for backscatter). Serum activity at 10 min. indicated that 
98% of the injected “*K had left the blood stream. These two experiments 


7500 


which confirm in man the findings of Walker & Wilde (1950) on the rabbit, 
are communicated now because the work has been interrupted. 


We gratefully acknowledge the help of Prof. W. V. Mayneord and members of his staff. 
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The state of accommodation of the human eye in darkness. 
By F. W Campse.t and J. A. E. Primrose 


The photopic spectral sensitivity curve of a totally colour-blind | 
subject. By R. A. 


Homogeneity tests for visual pigments. By H. J. A. Dartnai 


Determination of B.M.R. in rats; comparison of a thyroidecto- 
mized with a normal rat. By R. E. Moorz 


Illustrations of the effects of diffraction in the human eye. 
By E, F. Fincnam 


Methods of measuring intraocular pressure. By D. P. GrEAvEs AND 
E. 8. PERKINS 


The effect of cortisone on the swelling and vascularization of the 
cornea induced by alloxan. By M. Lancuam 
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